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PREFACE TO THE FIRST EDITION 

In the following pages I have endeavoured to bring before 
the student, in an elementary manner, the most important 
of those laws which regulate the phenomena of nature ; but 
the subject is so extensive that a detailed account cannot be 
given in such a treatise as this. 

The various branches of the subject have been so arranged 
that the student may perceive the connexion between them. 
For many particulars of this arrangement I am indebted to 
my friend Professor Tait. 

An account of the various active agents, heat, light, 
electricity, &c., must always form a large portion of a 
work on Physics. These have been regarded as varieties 
of energy — the laws of energy forming, as it were, the 
thread upon which the various divisions of the subject are 
strung together. The description of these agents is not, 
of course, materially different from that usually given ; but 
by this means of connecting Ihem to^eXJaet^ ^^^ ^\.>x^«ox 
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is constantly reminded of the paramount importance of 
the laws of energy. 

For the plate representing various spectra, which forms 
the frontispiece, and for that of the Kew spectroscope, I 
am indebted to my friend Mr. Lopkyer ; and I have much 
pleasure in thanking Mr. George Whipple, of the Kew 
Observatory, for many suggestions while the work was 
passing through the press ; and also Mr. J. D. Cooper and 
Mr. Collings for the care they have bestowed upon the 
illustrations. 

B. S. 

Manchester, October^ 1870. 



PREFACE TO THE EDITION OF 1877 

In the present edition some new matter has been introduced, 

more especially in the chapter which treats of Sound. I 

am much indebted to Professor Core, of Manchester, and 

to Mr. Bion Reynolds, M.A., for assistance and suggestions, 

and I may take this opportunity of stating that Professor 

Core intends shortly to publish a book of questions founded 

upon these Lessons. 

B. S. 

December^ 1877. 
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PREFACE TO THE EDITION OF 1885 

The chief alteration in the present edition is the introduc- 
tion, near the end of the " volume, of a short sketch of the 
more prominent practical applications of electricity which 
have recently been made. 

I am indebted to the kindness of Mr. Kenneth Romanes 
for pointing out several errors, chiefly typographical, which 
I have now corrected. 

B. S. 

September^ 1885. 



PREFACE TO THE EDITION OF 1888 

The sheets of this new edition were finally revised by the 
late Professor Balfour Stewart up. to p. 192. He had also 
made a first revise up to p. 304. The edition has been com- 
pleted by Mr. W. W. Haldane Gee, B.Sc, Lecturer of the 
Victoria University. The chief changes introduced have 
been in the chapters relating to Electricity and Magnetism, 
which have been rearranged and new figures and additional 
matter included. This has been done iu accoxd2cw:^^\'0cvN>cvfc 
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expressed intention of Dr. Stewart. The revise • is indebted 
to Professor T. H. Core, M.A., for his advice respecting 
several of the alterations that have been made, and for 
kindly reading through the proofs. 

W. W. H. G 

JunCy 1888. 



PREFACE TO THE PRESENT EDITION 

Considerable additions have been made to the present 
edition by Mr. W. W. Haldane Gee, B.Sc, Chief Lecturer 
in Physics and Electrical Engineering at the Municipal 
Technical School, Manchester, with the view of bringii , 
the volume in accordance with the modern position of 
Physics. A number of new examples and figures have been 
incorporated. The editor is indebted to Mr. J. P. Wrapson, 
B.A., for help in preparing and working out examples and 
reading the proofs, and to several students at the Technical 
School for making drawings for the engraver. 

W. W. H. G. 

Marchi 1895. 
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JNTFODUCTION 

1. Study of Nature. — As we look around on the universe 
in which we dwell, we are struck with a variety of objects out- 
side of ourselves and independent of us. Some of these we see, 
some we hear, others we touch, or taste, or smell, while many 
appeal to various senses at once. 

When quite young" we begin to reason upon these impres- 
sions, and the constant recurrence of phenomena in a certain 
order gives us a well-grounded expectation that in future the 
same order will be observed. As night approaches, the sun 
appears to sink below the horizon, and so to vanish from our 
sight ; and yet, from past experience, we have the most 
perfect confidence that he will reappear on the morrow. 
But while all classes of men in every age acquire from the 
necessities of life a certain knowledge of tha laws which 
regulate the phenomena around them, this knowledge is 
nevertheless most superficial and imperfect. But when men 
began to reason and to speculate as to the causes of natural 
events, and to classify their operations in a systematic manner, 
they were distinguished from their fellows by being called 
philosophers^^ or lovers of wisdom. 

But it is only within the last three centuries WvaiX. rcve.w V-aN^ 

^ Greek, pkiios^ loving ; sophia^ msdora. 
fa ^ 
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seriously set themselves ta the task of acquiring a knowledge 
of the laws of Nature,.''at?d--even now we know but a small 
part of these laws. ,- Neverrtheless, a great deal has beerf 
gained to the hiMftaTH./ace in that which has already been 
done, and the siiftjefcy-which is called Natural Philosophy, forms 
a, study as.elevatiiijg' as it is instructive, 

a. VariotM Agsregations of Matter. — The student should 
first ejijToavjiiJr to realize the magnitude of the Universe or 
Cogf5©ig*V«afnd although questions of size and distance belong 
moVc^'p^rticularly to astronomy yet the results of this science 
tfiSK With propriety be imported into the introduction of a work 

'.'•.on Physics. 
' ' In a clear night we see stretching across the heavens a 

• faintly luminous band, called the mlUcy ivay or galaxy. 
When viewed by the telescope, it is found to consist of 
innumerable stars, which are massed so closely together in 
this particular part of the heavens as to give the appearance 
of a gigantic whole or substance (of which the grains or 
particles are individual stars), occupying a particular region 
of space. This whole is probably the largest whole in the 
universe. 

A ray of light, moving at the rate of nearly 200,000 miles 
a second, would take at least many years to move across the 
diameter of the milky way. 

Now, each of the stars of this galaxy is an intensely hot 
and very large globe, in size comparable to our Sun, which is 
in reality a star of average dimensions. Many of these stars 
have, no doubt, associated with and circulating round them a 
number of bodies smaller than themselves. The sun has a 
number of satellites of this kind, of which our own earth is 
one. The sun and his satellites together form the solar 
system, and in like manner we may imagine each star to 
represent a system. 

Descending now from the larger masses of the universe to 
our own earth, we meet with substances of various kinds, 
and it becomes the office of the chemist to resolve these into 
their components. He finds that all bodies are made up of 
some sixty or seventy elements, united together in various 
ways. Let us take, for example, a piece of table salt or 
chloride of sodium, and imagine that we have the power of 
subdividing it indefinitely. We have reasotv to Ihmk that. 
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if we continued this process of subdivision long enough, we 
should at last reach a limit which could not be overpassed 
without altering" the nature of the substance ; or, in other 
words, we should at last reach the smallest body capable of 
possessing the properties of salt. This we term a molecule. ; 

If we still continue the subdivision, we separate the com- 
pound molecule of salt into its two components, sodium and 
chlorine, forming elementary atoms which we do not imagine 
to be capable of further subdivision by any means at our 
disposal. 

Thus, in the large or cosmical scale, we have, in the first 
place, clusters of starry systems ; secondly, individual sys- 
tems ; thirdly, individual components of these systems : while 
in the small scale we have substances, molecules, and atoms. 

3. Porosity. — Now, just as in the starry firmament there 
are vacant spaces between the various individual stars, so in 
the small scale there are probably vacant spaces between the 
various molecules of a body; and just as there are vacant 
spaces between the various components of the solar system, 
so there are probably vacant spaces between the various 
atoms that go to form the compound molecule. In other 
words, bodies are porous, but we must distinguish between 
two kinds of pores — namely, physical pores ^ which exist in 
bodies with no apparent want of continuity, their existence 
being rendered evident by the contraction of such bodies when 
exposed to cold, and sensible or visible pores, which form actual 
cavities capable of being seen by the microscope, or made 
evident in some other way. 

The skin of the human body is a very good example of a 
substance possessing sensible pores, and a piece of blotting- 
paper or sponge is another. 

4. Tbree States of Matter. — Very many of the substances 
with which we are acquainted are capable of appearing 
before us in three different states. There is first of all the 
solid state, in which a body has a definite form, and endea- 
vours to retain it ; secondly, there is the liquid state in which 
the body requires to be kept in a vessel, and adapts itself so 
as always to have its surface horizontal ; and there is, thirdly, 
the i^aseous state, in which the body cannot be held Vw Ta^Vk. 
open vessel, but must be shut in on all sides, atvd ^Vw^"^^ ^^"^ 
the vessel in which it is held. Both Viquids a.tvd ^ases i^o's-afc's^ 

^ 2. 



4 ELEMENTARY PHYSICS 

extreme mobility, in contradistinction to the rigidity of a 
solid ; while a g-as again is distinguished from a liquid by its 
incapacity of remaining in an open vessel, and having a 
surface. 

Earth, a rock, a mountain, a table, a chair, are examples of 
solids ; water and wine are examples of liquids ; while the 
atmospheric air is a very good example of a gas. 

5. Motion. — Having now described the various aggre- 
gations and kinds of matter, something may be said about 
motion. 

We can only conceive of relative motion, for when a body 
is in motion we can only know the fact by reference to some 
other body which is not moving with it. Thus we know that 
planets are in motion because we see them continually chang- 
ing their positions among the fixed stars. We know, too, that 
our earth is in rapid motion round the sun ; and yet in a calm 
day, although this rapid motion of the earth as a whole is 
going on, there is no motion of the various parts of the terre s- 
trial landscape among themselves. 

Thus, despite the rapid motion of the whole, there may be 
a profound repose of the various parts. On the other hand, 
a body may be at rest as a whole, and yet there may be 
violent motions of its various parts among themselves. Let 
us take, for instance, any substance apparently at rest, say a 
block of stone. Although there is no appearance of motion in 
this substance, yet we have very strong reasons for supposing 
that its various molecules are in rapid motion of some sort 
among themselves, so minute and so rapid that we should not 
perceive it, even if we used a microscope of very great power. 

In fine, no substance in the universe is at rest ; the particles 
of all bodies are in rapid motion backwards and forwards, and 
the bodies themselves in rapid motion through space. 

6. Force. — In what we now say about force we anticipate 
to some extent the laws of motion. It seems however desir- 
able for the student that a definition of force should precede 
rather than follow the formal statement of these laws. 

Let us begin by taking a group of bodies at rest with regard 

to one another ; this state of rest can only be changed by 

force. Thus, for instance, suppose we fire a gun, the previous 

state of rest of the bullet has now been changed by the force 

of the g-unpowder into one of rapid motion. Or lake a railway 
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train at rest ; the train is set in rapid motion throug-h the force 
derived from the engine which draws it. 

But as it needs force to produce motion, so does it equally 
need force to destroy it ; the bullet from the g^n will ultimately 
have its motion destroyed by the resistance from some hard 
substance against which it strikes, and the railway train will 
have its motion stopped by the friction caused by the brake. 
A thing" which is difficult to move is difficult to stop, and a 
thing which is easy to move is easy to stop, the reason being 
that it requires an equal and opposite application of force to 
set a body in motion, and to bring it again to rest. 

We have various kinds of force in Nature, the most pro- 
minent being the force of flrravitation. It is in virtue of this 
force that a body falls to the ground, and it is in virtue of this 
same force that the earth moves round the sun. If the attraction 
of gravitation were to cease, the earth would continue to move 
at a uniform rate in a straight line, and soon leave the sun 
behind it, while we in turn should be able to separate ourselves 
from the earth. 

On the small scale we have the force of cohesion, in virtue 
of which the molecules of a body keep together. If this force 
were taken away, everything would be reduced into small 
particles, and scattered about. 

Again there is the force of chemical attraction, in virtue 
of which two different atoms cling together to form a com- 
pound. If this force were absent, there would be no such 
thing as a compound substance, and we should be limited in 
our range to some sixty or seventy substances, most of which 
are metals. 

Thus we see that the force of gravitation binds the larger 
masses of the universe together, and prevents the earth from 
leaving the sun. The force of cohesion binds together the 
various particles or molecules of the bodies which we see 
around us, while in virtue of chemical affinity we obtain a 
much greater variety of substances than we should otherwise 
have. 

Force does not, however, always produce motion. Thus a 
stone, lodged on the top of a precipice, is not in motion, 
although in virtue of the force of gravitation of the earth it 
presses or weighs upon the ground of the c\\??. "^mV N>t\vs saL^wxe. 
force which causes the pressure of lV\e slowc aL^^YCvs\. v'v'^ 
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support will cause it to fall downwards over the side of the 
cliff, with a continually increasing velocity, when once the 
support is removed, and it is free to obey the attraction of 
the earth. 

While the stone lay on the top of the cliff, the force with 
which the earth attracted it was counteracted by an opposite 
force — namely, the resistance of the support on which the 
stone was placed ; and when this resistance was removed, 
the stone beg^an to fall, and continued to do so with increasing 
velocity until it reached the bottom of the cliff. 

We thus see that the simplest effect of a force is the pro- 
duction of motion, and it is only when the force is resisted by 
another that we have equilibrium or repose. In the following 
pages, therefore, we shall commence with the case where 
a single force produces motion, and end with that where two 
or more counteracting forces produce equilibrium or repose. 

6a. Divisions of Natural Philosophy. — Natural Philosophy, 
which strictly means the study of Nature, has three great 
divisions — Natural History or Biology, which treats of organ- 
isms ; Chemistry, dealing with the composition of bodies ; 
and Physics.^ The division is quite an arbitrary one for the 
convenience of the student. Physics (itself sometimes called 
Natural Philosophy) deals then with the study of such parts 
of Natural Knowledge with which the biological or chemical 
student is not directly concerned. 

1 Greek, physis^ nature. 



CHAPTER I. 

LAIVS OF MOTION. 

Lesson I. — Determination of Units. 

7. Unit of Duration. — In the first place, with respect to 
duration or time, the second will be the most convenient 
unit, and being" in general use nothing further need be said 
about it. But as regards the units of length and mass, those 
in use in this country are by no means well adapted for the 
purposes of science, in which respect the metrical system of 
France has decided advantages over all others. Being a 
decimal system, all calculations are by it rendered extremely 
simple, besides which it is in general use amongst the scientific 
men of all countries. 

8. Unit of Length. — The metre is the foundation of the 
metrical system of linear measure, one metre being equal to 
39*37079 English inches. In the following table the metre 
and its decimal derivatives on the one hand are compared 
with British inches on the other : — 

Table No. i. — Measures of Length. 

INCHES. 

One millimetre (a thousandth part of a metre) - 0*03937 

One centimetre (a hundredth part of a metre) = 0*3937^ 

One decimetre (a tenth of a metre) = 3*937o8 

One metre = 39*37079 

One decametre (ten metres) = 39370790 

One hectometre (one hundred metres) = 3937*07900 

One kilometre (one thousand metres) = 39370*79000 

In the margin is a scale, representing a decimetre ot l"e.wV.Vv 
part of a metre, which is subdivided \t\lo ceivWrcveXx^s ^'cA 



M 



W 



8 ELEMENTARY PHYSICS chap, i 

millimetres. The centimetre is taken as a more convenient 
unit of length than the metre for scientific purposes. 

9. Unit of Superficial Extent or Surface. — The measures 
of surface and capacity follow easily fromthose of length. 
Of the former we have squares, of which the sides 
are millimetres, centimetres, decimetres, and metres ; 
a square metre being likewise called a centiare. We 
have also the square whoseside is ten metres, called 
the are, and the square whose side is loo metres 
called the hectare. 

lO. Unit of Capacity or Volume. — Again, with 
regard to measures of capacity or volume, we have 
the cubic millimetre, the cubic centimetre, called the 
millilitre, the cubic decimetre, called the litre, and 
the cubic metre, called the kilolitre. The relation 
between the measures of length, surface, and capa- 
city is seen from the following" table : — 

Table No. 2.— Metric System of Measures. 

LENGTH. SURFACE. CAPACITY. 

(A) Millimetre square millimetre cubic millimetre. 

(B) Centimetre square centimetre cubic centimetre. 

(C) Decimetre square decimetre cubic decimetre 

or litre. 

(D) Metre square metre or cubic metre or 

centiare kilolitre 

(E) Decametre square decametre 

or are. 

If we take the first column, or that of length, we 
find that (B) is ten times as great as (A), (C) ten 
times as great as (B), and so on, each letter denoting 
a length ten times as great as the preceding one. 
Again, if we take the second column, or that of 
surface, we find that (B) is 100 times as great as (A), 
(C) 100 times as great as (B), and so on. And, finally, 
Fig. I. *^ ^® take the third column, or that of capacity, we 
find that (B) is 1,000 times as great as (A), (C) 1,000 
times as great as (B), and so on. 

Thus ten is the multiplier in the first column ; the square of 
tetiy or 100, the multiplier in the second ; and the cube of ten ^ or 
1, 000, the multiplier in the third. 
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Keeping the table in view, the following examples will 
render evident the excellence of the metrical system, as com- 
pared with that in use in England. 

Qtustion I. — How many square feet are there in 150 square 
inches? Answer, — Since one foot is equal to twelve inches, 
one square foot is equal to 12x12 or 144 square inches. Hence 
there are ^^ = 1*0416 square feet in 150 square inches. 

Question H. — How many square centimetres are there in 150 
square millimetres? Answer, — 1*50. 

Question HI. — How many cubic yards are there in 93 cubic 
feet ? Answer. — Since there are three feet in a linear yard, 
there are 3x3x3, or 27 cubic feet in one cubic yard, and hence 
there are f f or 3*4 cubic yards in 93 cubic feet. 

Question IV. — How many litres are there in 1,789 millilitres? 
Answer.— 1*789. 

11. Unit of Mass. — In the next place, according to this 
system the relation between the unit of volume and that of 
mass is of a very simple kind. The unit of mass is that of one 
cubic centimetre of pure water at the temperature of 4** centi- 
grade, which is the point of maximum density of water. The 
mass of this bulk of water is called a gramme, and the gramme 
has decimal derivatives similar to those of the metre. The 
following table shows the relation between the French and 
English systems of estimating masses : — 

Table No. 3. — Measures of Mass. 
One milligramme (a thousandth part of a grains. 

gramme) = 0*015432 

One centigramme (a hundredth part of a 

gramme) = 0*154323 

One decigramme (a tenth part of a gramme) = 1*543235 
One gramme = 15*432349 

One decagramme (10 grammes) = 154*323488 

One hectogramme (100 grammes) = 1543*234880, 

One kilogramme (1,000 grammes) =15432*348800 

11a. The C«G.8. Ssrstem. — Scientific men have decided to 
express measurements as much as possible in the terms of 
three fundamental units, namely : — 

1. The Centimetre 

2. The Gramme 

3. The Second 
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This system is called the C.G.S. System, and will be frequently 
used throughout this book. 

12. Unit of Velocity. — Velocity, or rate of motion, is easily 
understood, for we have constantly before us bodies in motion 
as in one of the most familiar experiences in life. A railway 
train passes, and we estimate that it is moving at the rate of 
forty miles an hour. We have a perfectly distinct conception 
of this velocity, even although the train should not travel the 
whole hour, or the whole forty miles. We mean that were it 
to go on moving at the same rate at which it was moving when 
we saw it, it would in the course of an hour pass over forty 
miles. Perhaps it begins to slacken its pace shortly after, so 
that its velocity is soon reduced to thirty miles an hour, then to 
twenty miles, then to ten miles, until it finally stops. Thus its 
velocity during the operation of stopping has been continually 
changing from the high speed of forty miles an hour down- 
wards, and during no two seconds has it continued to move at 
the same rate, and yet we can say with propriety that at such 
an instant the train was moving at the rate of thirty miles an 
hour. We mean, of course, that if the train were to keep the 
same velocity or rate of motion it had at the given instant, it 
would in one hour move over thirty miles. We thus see that 
we mean the same velocity when we say a body is moving at 
the rate of thirty miles an hour, or sixty miles in two hours, or 
fifteen miles in half an hour, or 7 J miles in a quarter of an hour. 
In fact, velocity means the whole space moved over divided 
by the time taken, or calling s the space, / the time, and v the 
velocity, then 

v= ^= i-//.i 

Having already fixed upon the centimetre as our unit of 
length and the second as our unit of duration, the most con- 
venient unit of velocity will be the velocity of one centimetre 
in one second. The velocity of two centimetres in one 
second will be denoted on the scale by 2, that of three centi- 
metres in one second by 3, and so on. 

12a. Unit of Acceleration. — In the previous example of 
the railway train starting from rest, the train may regularly 

1 For the convenience of the printer the oblique stroke, /, signifying division, 
called the BOlidUM, will frequently be used. 
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increase its velocity. The rate at which this increase takes 
place is called acceleration. On the other hand, whilst it is 
still in motion its velocity may be regularly diminished, and the 
rate at which tliis diminution takes place is called retardation 
or neg'ative acceleration. The unit of acceleration may be 
defined as that rate of increase of velocity every second 
represented by one centimetre a second. 

Example. — A body starting from rest is found at the end of 
lo seconds to be moving with a velocity of 30 centimetres 
per second. Assuming the velocity to have been increased 
uniformly, what is the acceleration ? 

Answer. — Here the increase of velocity is 30 centimetres per 
second in 10 seconds, and, since the increase is uniform, we 
must have an increase of 3 centimetres per second in each 
second. Hence the acceleration is 3. 

13. Remarks on Unit of Mass. — By its mass we mean the 
quantity of matter contained in a body. While we confine 
ourselves to bodies of the same kind, it is very easy to 
estimate the relative mass, for this will vary as their volume. 
If, for instance, we have a number of similar cubes of iron, 
we know at once that the united mass of two such cubes will 
be double that of one, or three triple, and so on. But how 
are we to determine the relative mass of a cube of iron, and a 
similar cube of lead ? It may be answered — By their weight ; 
and, as we shall afterwards see, their weight is doubtless a 
correct representation of their mass ; but we cannot accept 
weight as a fundamental method of estimating mass, for 
weight is due to the attraction of the Earth, and we might 
suppose a state of things where there was no large attracting 
body. Let us, for instance, imagine ourselves carried into 
empty space, with nothing but a cube of iron, and another 
of lead ; then how are we to determine their relative masses ? 
It is clear we cannot weigh them, for there is no down- 
wards and upwards in such circumstances, there being no 
earth. 

We reply, that two different substances are of the same mass 
when the same force prodtues in each, after it has acted on it for one 
second of time, the same velocity. 

We shall find that the same force will produce at the end 
of one second the same velocity, if it be app\\eA. Vo ^feV vcv 
motion 100 cubic metres of iron, or 69 cub\c tueVxes oS. \ei^^\ 
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there is, therefore, the same amount of matter in 69 cubic 
metres of lead as in 100 cubic metres of iron. 

As we shall afterwards find weight to be strictly propor- 
tional to mass^ it is convenient to use weight as a means of 
estimating mass. We have already defined our unit of mass 
to be the mass of matter contained in one cubic centimetre 
of pure water at the temperature of 4° centigrade. This 
definition would, of course, hold good if there were 
no gravitation, in which case the water would have no 
weight. 

14. Unit of Force. — We are now in a position to define 
our unit of force. 

Let this be the force that will impart to unit of mass unit 
of velocity in unit of time, or, in other words, a force that, if 
applied during a second to the mass of a gramme, will 
produce in it a velocity of one centimetre a second. This 
unit of force is called the dyne. 

It is very easy to see that if we operate on two grammes 
we shall require the application of a double force in order to 
produce our unit velocity, for we may suppose the double 
mass to t^e made up of two separate grammes placed side 
by side, and one half of the force applied to each. It will 
therefore take one unit of force to produce unit of velocity 
in the one gramme, and another unit of force to produce 
the same in the other, and hence we must apply two units 
of force. 

It is not, however, equally easy to see that in order to 
produce double velocity in a mass, we must have a force 
twice as large as that which produces unit velocity in the 
same mass in the same time. But the truth of this statement 
will afterwards be perceived (Art. 23). 

The above statements may be briefly expressed by the 
formula 

where P is the force in dynes, M is the mass in grammes, and 
/the acceleration in C.G.S. units. 

Example I. — A certain force acting on a mass of 10 grammes 
is found to increase its velocity, in each second of its motion, 
by 10 centimetres per second. Find the force. 

P=m/= 10 X 10= 100 dynes. 
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Example II. — A force of 981 dynes acts on a mass of 100 
gframmes for 10 seconds. Find the velocity produced. 
Here we have 

centimetres per second for the velocity produced in each 
second, and therefore in 10 seconds we shall have 10 times 
this velocity produced ; hence z/=98*i centimetres per 
second. 



Lesson II.— First Law of Motion. 

15. statement of La^ir. — Having* fixed upon our various 
units, let us now proceed to the study of the laws of motion. 
We commence with Newton's first law, which asserts that 
If a body be at rest it will remain so unless acted on by some 
external force i or if it be in motion it will move in a straight line, 
and with a uniform velocity^ unless acted on by some external 
force. 

This law at first sight seems contrary to our every-day 
experience, for it obviously implies that a body once in motion 
will continue in motion for ever, unless acted upon by some 
external force ; now we know that all moving* bodies on the 
earth's surface show a tendency to stop. A little reflection, 
however, will convince us that the law is true enough, but 
that all bodies in motion on the earth's surface are in reality 
acted upon by external forces, and that it is impossible to 
exhibit a body not so acted upon. 

It will be found that the more we can reduce in amount the 
external forces acting upon a moving body, the longer will its 
motion continue, so that in fact this law of motion represents 
the state of things under an extreme condition, which can be 
approached but never reached. 

16. Action of Friction. — We find that friction and the 
resistance of the atmosphere are the two great forces tending 
to stop all motion at the earth's surface. To illustrate the 
former let us make a smooth stone slide along the ground : it 
will soon be brought to rest through friction ; now take the 
same stone to a smooth sheet of ice, and it will sVvd^ ;a\ow^\\, 
to a much greater distancef because the fr\cWotv\s\es"s. 

In order to illustrate the resistance of the air, sex. ^ vcvassHN^ 
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metallic top in rapid rotation in the open air, and it will come 
to rest in about twenty minutes ; but set the same top in 
motion in vacuo, and it will remain moving" for more than an 
hour. The resistance of the air acts very strongly upon bodies 
moving" with great velocity : were there no air, the rang-e of a 
cannon-ball would be very much increased. 

The nearest approach to a perpetual motion, such as is 
implied in the first law of motion, is that of the earth in its 
orbit ; any resisting medium, like the air, would have the 
effect of ultimately making the earth approach the sun by a 
sort of spiral journey, until at last it would be swallowed up by 
our luminary. We have reason to believe that there is such a 
medium, but its tenuity is so g"reat that it would need a long 
series of ages in order to diminish sensibly the dimensions of 
the earth's orbit. 

Thus we see that the first law of motion contemplates a 
hypothetical state of things which does not really exist, and 
we shall see further on that the actual state of things may be 
represented by one of the laws of energ-y, of which the first 
law of motion forms an extreme case. 

17. Examples illustrating^ the First Imkw, 

Example I. — A man is on horseback, and the horse starts off 
suddenly. In what direction will the man fall ? 

Answer, — He will fall backwards, for in order to cause him 
to change his previous state of rest, and move along" with the 
horse, force must be applied by the first law of motion. 
Now, this force can only be applied at those points at which 
he is in contact with the horse, so that if he be sitting loosely 
he will fall backwards. 

Example II. — A man is on horseback, and the horse stops 
suddenly. In what direction will the man fall ? 

Answer, — This is the opposite of Example I. The man has 
by the first law of motion a tendency to retain that motion 
which he had before the horse stopped, and this can only be 
changed by the application of force. This force, as in the 
previous case, must be applied at the points where he touches 
the horse ; if he sits loosely, he will therefore preserve his 
previous state of motion, and be thrown forward over the 
horse's head. 

Aga\n, the first law of motion serves to explain the pheno- 
mena of rotation. Thus if a disk or lo^p be^ sd vw va^id 
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rotation, a particle at the circumference, such as A, is at any 
moment moving in the direction of a tangent to the circle at 
that point ; that is to say, in the direction of the arrow head, 
and if left free to itself it would, in virtue of the first law of 
motion, continue to move in 
this direction A B ; but it is 
constrained, by the cohesion 
of the other particles to which 
it is attached, continually to 
vary its direction. 

If, however, the rotation is 
very rapid, the force of cohe- 
sion may be insufficient to 
accomplish this, and the con- 
sequence will be that the par- 
ticles at the circumference ^ '^' ^■ 
will leave the system, and 

be scattered about. In the case of a sling, the force which 
keeps the stone attached to the sling is intentionally with- 
drawn at the right moment, and the consequence is that 
the stone, in virtue of the first law of motion, perseveres in 
that path which it was following when the central force was 
withdrawn. 

The property enunciated by the first law is usually called 
inertia, and implies that matter is passive or has no power 
in itself to change its state whether of rest or motion. 



Lesson III.— Second Law, First Statement : Action of 
A Single Force on a Moving Body, 

18. Statement of Second La'w. — We now proceed to the 
second law of motion, which may be stated as follows : // any 
number of forces act together upon a moving body^ each force 
generates the same velocity as it would generate if it acted singly 
upon the body at rest. For the sake of clearness we may divide 
this statement into two, and consider — 

(i) The action of a single force on a moving body ; 

(2) The action of several forces together upon a body. 

Let us at present consider the actiou o? a s\tv^\e Ivixvivi 
on a moving body. Suppose, for instance, tV\aA. \w a. y-a?\v4'a.'»3 
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carriage which is at rest I throw up a ball with sufficient force 
to make it reach the roof : if I throw up the ball with the same . 
force when the carriage is in motion, it will equally reach the 
roof ; or if I throw the ball with a force sufficient to strike the 
side of the carriage with a given velocity when the carriage is 
at rest, and if when the carriage is in rapid motion I throw the 
ball with the same force, it will strike the side of the carriage 
with the same velocity as before. 

In fact, the motion of the ball relative to the carriage is precisely 
the same in both cases ; but, on the other hand, its motion 
relative to the ground is very different. 

When the carriage was at rest the ball went from one side, 
A, to another side, b, of the carriage, let us say in one second, 

and this was also its mo- 
tion with regard to the 
ground. But in the moving 
carriage, while the ball is 
on its passage from one 
side to the other, the point 
A from which it started 
has in reality travelled over 
the distance A a', so that 
when the ball arrives at 
the opposite side this has obtained the position b' ; thus 
the ball has, in reality, so far as the ground is concerned, 
travelled from A to b'. It has in fact travelled over the 
diagonal of a parallelogram of which one side represents the 
motion of the ball by itself, and the other the motion of the 
carriage by itself. 

In like manner we know very well that the motion of the 
earth in its orbit or on its axis does not interfere with the 
action of forces tending to produce motion at its surface. 
Thus at the pole there is no motion of rotation, while at the 
equator there is a motion nearly equal to a mile in three 
seconds, and yet the same force will produce the same motion 
at the pole and at the equator. If I leap vertically upwards 
at the pole, I alight upon the place from which I sprang, and 
if I do the same thing at the equator the same result will 
follow. While I am in the air I am separated from the solid 
earth ; nevertheless this does not, in virtue of its rotation, 
move from under me at the equator at the rate of a mile in 




Fig. 3. 



LESS. Ill LAWS OF MOTION 17 

three seconds, but, in virtue of the first law of motion, I retain 
when in the air the same motion of rotation of the earth in 
which I participated when I was on its surface, so that I am 
still carried along* with the earth ; and, in virtue of the second 
law of motion, my leap will be precisely the same as if the 
earth were at rest, or as if I had performed it at the pole. 

Before proceeding" further with the second law of motion, let 
us answer the following questions. 

Question I. — A balloon at the height of two miles above the 
earth's surface is totally immersed in, and carried along with, 
a current of air, moving at the rate of sixty miles an hour. A 
feather is dropped over the edge of the car : will it be blown 
away ? or will it appear to drop vertically down ? 

Answer, — It will appear to drop vertically down as if in a 
dead calm ; for since the balloon and all that it contains, in- 
cluding the feather, is moving along with the surrounding air, 
the feather after leaving the balloon will equally participate in 
that motion ; it will, therefore, drop calmly and slowly down, 
as if it were dropped in a room. In fact, the motion of the 
balloon and air will have no more effect upon the fall of the 
feather than the motion of the earth in its orbit has upon it. 
But while the fall of the feather is vertically downwards as far 
as the balloon is concerned, it is not vertical as regards the 
earth. 

Question II. — A ship is in rapid motion, and a stone is 
dropped from the top of the mtist : where will it fall ? 

Answer, — At the bottom of the mast. For the stone, during 
its passage from the top of the mast, retains, in virtue of the 
first law of motion, the velocity which it possessed as part of 
the vessel ; and, by the second law of motion, gravity will act 
on the moving system, including the ship and stone, just as if 
they were at rest. The motion of the stone therefore, as 
regards this system, will be the same whether the system is in 
motion or at rest — in both cases it will fall at the bottom of the 
mast. 

19. Composition of Velocities. — We have hitherto con- 
sidered the case in which the motion of the body is in one 
direction, and a force is impressed upon it in another at right 
angles to the motion ; let us now consider the case where both 
are in the same direction. 

Suppose, as before, that a railway carriage \a vcv t«j^\^ 

c 
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motion, and that in the carriage I throw a ball forward in the 
direction in which the train is moving. If this ball be impelled 
with the same force, it will strike the carriage with the same 
blow whether this be at rest or in motion ; while, however, the 
motion of the ball as regards the carriage will be the same in 
both cases, its motion as regards the earth wilLbe very different. 
If, when the carriage is at rest, I give an impulse to the 
ball that will make it move at the rate of a mile a minute, this 
will also represent its velocity relative to the earth ; but if the 
carriage is also moving at the rate of a mile a minute, then the 
total velocity of the ball, with regard to the earth, will be the 
sum of the united velocities of the carriage and the ball, — that 
is to say, two miles in one minute. 

Let us now take an example of motion in a vertical direction. 
Suppose, for instance, we have a movable chamber, made by 
machinery to descend the vertical shaft of a mine, with the 
uniform velocity of 981 cm. per second, and suppose the 
height of this chamber to be 490*5 cm. Were the chamber at 
rest, a ball dropped from the top of it would reach the bottom, 
through the influence of gravity, in exactly one second (Art. 
21), and we shall find that the time of descent of the ball from 
the top of the chamber to the bottom will not be altered if we 
drop it when the carriage is moving downwards with the 
uniform velocity of 981 cm. in a second. In this case, as well 
as when the carriage was at rest, the ball will reach the bottom 
exactly one second after it has* been dropped from the top, 
and it will also strike against the floor with the same velocity 
in both cases. 

110. Velocity under Gravity. — We are thus prepared to 
acknowledge that the effect of gravity in increasing the 
velocity of a falling body will be the same in the same time 
whether that body is merely beginning to fall, or is already 
moving downwards with considerable velocity. Thus, if a 
stone be dropped from the top of a cliff, we know by experi- 
ment that after it has fallen for one second it will have acquired 
the velocity of 981 cm. per second. It commences with this 
velocity the next second of its descent ; and during this second, 
gravity, acting in the same manner as before, will continue to 
impress upon it an additional velocity of 981 cm. per second, 
so that at the end of this second its whole velocity will be 1962 
cm, per second. In ^ike manner at the end of the third second 
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its velocity will be 2943 cm. per second, so that we may ex- 
press the relation between the time of descent and the velocity 
of a body falling from rest under the force of gravity in the 
following simple manner. Let / denote the time in seconds 
since the body began to fall, and v the velocity at the end of / 
seconds (unit of velocity being regarded as the velocity of one 
cm. in a second) then v — 981/. 

m. Space passed over under Gravity. — Having arrived 
so far, let us now trace the relation between the time occupied 
in descending and the space passed over in the case of a body 
falling from rest under the action of gravity. 

We have said that at the end of the first second the body 
has attained the velocity of 981 cm. per second, which 
means that if we could imagine gravity and every external 
force to cease at this instant, the body would continue^ in 
virtue of the first law of motion^ to move for ever^ with the 
uniform velocity of ^1 cm, per second. But although it had 
this velocity at the end of the first second, it did not always 
possess it ; for by the above formula (Art. 20) its velocity 
at the end of half a second was only 490*5 cm. per second, 
while at the end of the first quarter of a second it was 
245*25 cm., and so on. 

In fact, its average or mean velocity during the first second 
was only 490*5 cm., which will also represent the space passed 
over during this time. 

Ilia. Use of Graphical Method. — This will be apparent if 
we use a graphical method of considering 
the subject. 

First, let a body be in motion with a 
uniform velocity, which we may represent 
by AC, and let AB denote the time ^ during 
which the body is in motion. 

Now, it will be remembered (Art. 12) that 

if V be the velocity, s the space, and / the 

time, we found v = j//, and hence s — vty Fig. 4. 

or the space passed over, is the product of 

the velocity and of the time. Hence in the annexed diagram, 

if the line AC denote the velocity, and ab the time, the area 

ABDC will represent the space passed over. 

^ It is obvious that anythine which is capable of being exptes5fedL>Q^ >as\\vs» casx 
also be represented bj^ lines. Thus if a line one inch \ong tept«senXs OTvt ?a.co\A.> 
a line of two inches wUl represent two seconds, and so on. 

C 2. 
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Next, let the velocity change, as in the case of a falling 
body. For the sake of demonstration let us suppose that this 
change is by fits and starts at small intervals, while during 
each of these intervals the velocity remains constant. 

Suppose, for instance, that AB (Fig. 5) denotes one second of 
time, and bc the velocity of 981 cm., which a falling body has 
acquired at the end of that time, and let us divide the whole 
time into ten equal parts — 

At the end of 3*5 second the velocity will be 98* i cm. per second. 
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Suppose now that the body retains its motionless state until 
the end of the first tenth of a second, when it suddenly assumes 
the velocity 98-1, and retains this until the end of the second 
tenth, when it suddenly assumes the velocity of 196*2 and 
so on. 

Bearing in mind that the space passed over is the product 
of the velocity and of the time, we shall have — 



During 


the first tenth of a second 


Space 
passed over 

-000 




second ,, 


■ 9*81 


• ' ' 


third 


. 19-62 




fourth ,, .. . 

fifth 

sixth ,, 

seventh ,, 


29*43 

• 39*24 

• 49*05 
. 58-86 




eighth ,, 
ninth ,, 
tenth 


. 68-67 

78-48 
88-29 



In all 



441*45 



That is to say, the whole space passed over, or 441-45, will in 
this case be represented by the united area of the tntter series 
of steps in Fig. 5, below the dotted line AC. 

On the whole, this will be less than the real result, since 

during each tenth of a second we have supposed the body to 

retain the velocity it had at the beginnmg oi iVve lutve. Su^- 
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pose now we assume that during each tenth of a second the 
body moves with (he velocity it had at the end of that interval, 
then the space passed over will be as follows— 

During the llrst tenth of a 

third 
fourth 






fifth 

seventh 

ninth 
tenth 



2943 

39'I4 
49"o5 
58-86 
6867 
78-48 
88-29 
98-10 



■539-55 

That is to say, the whole space passed over will now he repre- 
sented by the united area of the outer series of steps in Fig'. 5. 




It will readily be seen that this arrangement gives us a 
result as much above the truth as the other is below it, and 
that the mean of the two, or— 



will be the true result. 

The student need hardly be reminded tVial a-s a n,\a'i.\«'c 
fact gravity acts continuously, and not by ¥As aud a*.arta. 
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Indeed we see from the figwre that if we had subdivided the 
second into a very great number of parts instead of into ten, 
the two results, of which one is above and the other below the 
truth, would differ from one another and from the truth only by 
an exceedingly small quantity, and in fact that the area of the 
triangle ABC represents graphically the space moved over 
by a falling body under gravity during the first second ; and 
generally if AB represent the whole time of fall, and BC the 
velocity at the end of the time, then 

AB X BC 



2 

will represent the space passed over. 
Thus, in the present instance — 

AB=i (second) 

BC = 98i (centimetres per second), 

AB X BC IX 981 
hence area = = — - — = 490*5 

which we have seen is the space moved over during the first 
second. 

The space which the body will pass over during the next 
second is easily found, for the body will commence with the 
velocity of 981 cm., and end with that of 1962 cm. per second, 
having during the interval a mean velocity of : — 

981 + 1962 

^^^-^ =1471*5 

this, therefore, is the space which it will describe. Thus dur- 
ing the first second it described 490*5 cm., and during the next 
second 1471*5 cm. ; in all, at the end of the second second, it 
will have fallen 

490*5 + 1471*5 = 1962 cm. 

It may be shown in like manner that at the end of the third 
second it will have fallen 4414*5 cm. from its point of rest. 

If we refer to the graphical representation, the rule connect- 
ing space and time becomes obvious ; for in Fig. 5, if the base 
AB be taken to represent the whole time / from the commence- 
ment of the fall in seconds, and the vertical height bc the 
velocity v, at the end of this time, then the area of the triangle 
( = J V /) will, as we have seen, represent the whole space 
passed over. But 2^=981/ (Art. 20); hence, subadluUti^ this 
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value for v in the -above expression, we have j, or whole space 
passed over :=z \vt — \ x (981/) / = 490*5/*. 

Hence if / = i (second) s (space passed over) = 490*5 cm. 
/ = 2 „ J „ = 1962*0 „ 

^=3 yy S „ =4414*5 »» . 

/ = 4 „ s „ =7848*0 „ 

and so on. 

This proof may be illustrated in the following manner. Let 
us suppose that the movable chamber of Art. 19, being 490*5 cm. 
in height, contains within it a man, who holds a stone loosely 
in his hand at the level of the inside roof of the chamber. 
Now let the whole arrangement be allowed to fall freely down 
the shaft of a mine under the influence of gravity, and at the 
moment when the fall begins, suppose that the man lets the 
stone go. Where will the stone be at the end of the first 
second? A little reflection will convince us that, although 
free, the stone will be at the top of the carriage, for the whole 
arrangement is falling as fast as it can, and there is, therefore, 
no reason why the stone should gain upon the other parts. 

At the end of one second, therefore, the top of the carriage 
will have fallen through 490*5 cm., and the stone will still be 
at the top. 

Now let us imagine that at the end of the first second 
external friction is made to operate on the carriage sufliciently 
to stop the tendency of gravity to increase the speed. It will 
thus cancel, as it were, the further effect of gravity upon the 
carriage, leaving it to continue its descent as if there were no 
gravity, in which case it will, in accordance with the first law 
of motion, continue to move with the velocity it has already 
attained, that is to say, with the velocity of 981 cm. a second. 
During the second second, the top of the carriage will, there- 
fore, have fallen through 981 cm. Altogether, therefore, in the 
two seconds it will have fallen through — 

490-5 + 981 = 1471*5 cm. 

But in the meantime what will have happened to the stone ? 
Inasmuch as the stone was free within the carriage, it would 
not be acted upon by the friction arrangement from without.^ 
and would, therefore, according to the secotvd\a>N o^ tcvoNaoxv^ 
obey gravity in the moving carriage, '^ust as IrvsN.-^ as \S. ^^ 
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carriage were at rest. During the second second, the stone 
will therefore have fallen, as regards the carriage, through 
490*5 cm., that is to say from the top to the bottom, and it will 
strike the bottom precisely at the end of the second second. 

We thus perceive that, while the carriage has fallen through 
1471*5 cm., the stone, which has all the time been perfectly 
free, has fallen in addition through 490*5 cm., this being the 
distance from the top to the bottom of the carriage. The stone 
has therefore fallen in two seconds through — 

1471*5 + 490*5 = 1962 cm. 

while in one second it only fell through 490*5 cm. 

We thus realize how the distance fallen through varies as 
the square of the time. 

21b. Sunimary of La^irs. — The relation between ttnUy 
space, velocity y and acceleration may be embodied in the following 
table— 

Table No. 4. — Formulae relating to Motion. 

s = gfil2 = v^l2g = vtjz ; 

V — gt = ^2gS = 2J// ; 

t=vlg = sj2Slg = 2s/v ; 
where 

s = space passed over. 

V — velocity of the body. 
/ = time of fall. 

g — acceleration of gravity. 

In using these equations any units may be adopted, but it is 
customary to use one of two systems — 

(i) The English Systenty when / is in seconds, v in feet per 
second, s in feet, and g has the value of 32*2 feet per second. 

(2) The CCS. SystetHy when / is in seconds, v in centimetres 
per second, s in centimetres, and g has the value of 981 cen- 
timetres per second. 

21c. Examples of Use of Formulae. 

Example /. — A body falls freely for 5 seconds : find its 
velocity at the end of that time. 
In English units — 

V = gt = 32*2 X 5 = 161 feet per second. 
In C.G.S. units — 

V =p =■ 981 X 5 = 4905 cm. per second. 
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Example II, — A stone falls from top to bottom ofa cliff in 
4*5 seconds : what is the height of the cliff? 
In English units — 

5 = Isf = i X 32*2 X 4-5 X 4'5 
= 326*025 feet. 

In C.G.S. units — 

•f = 1^- = 4 X 981 X 4*5 X 4'5 
= 9932*625 cm. 

Example III, — A body falls from a height of 1,000 feet : with 
what velocity will it reach the ground ? 

V = fj2gS = /^2 X 32*2 X 1000 

= 253*77 feet per second nearly. 

Example IV, — A body is moving with a velocity of 10 miles 
per hour ; assuming that it has fallen from rest, and that its 
velocity is due to gravity, how far must it have fallen to 
acquire this velocity? 

We must first find its velocity in feet per second 

10 miles per hour = ^^ f^ ~ '4^ ^** P®*" ^^^* 

By formula s = \v^lg = (J x f4§ x 14I) -i- 32*2 

= 3*34 feet nearly. 

Example V, — How long must a body fall to acquire a velocity 
of 5886 cm. per sec. ? 

/ = - = ^-jr— = 6 seconds. 
g 981 

Example VI, — How long will it take a body to fall from rest 
through a height of 100 metres ? 

The space described must be expressed in centimetres 

100 metres = loooo centimetres 
/ = a/2£. = a/^ X '°Q°Q_.= 20-4 sec. nearly. 

Examples for Exercise. 

1. A body falls freely for 2 minutes : what is its velocity? 

' \ II 7720 cm. per sec. 

2. How far will the body in the previous question have 

fallen ? 

An? /231840 feet. 
"^'^^•17063200 cm. 

3. Calculate the velocity, in feet per second, due Vo ^ i^i^ 
through 64*4 feet; and also the velocity m cetvWrcve.Vce.'si ^ex 
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second due to a fall through 1962 centimetres. Find also t] 
time of falling- in each case. 

C{i) 64*4 ft. per sec. 
Ans,-l (2) 1962 cm. per sec. 

(^ (3) 2 sees, in each case. 

4. A body has fallen through 200 cm. ; how much furth 
must it fall in order that its velocity may be doubled ? 

Ans, 600 cm. 

5. How far must a body fall in order that it may acquire 
velocity of 20 kilometres per minute ? 

Ans, 5663 1 5 '6 cm. 

6. How long will a body take to fall 50 feet, and what w 
be its velocity after falling that distance ? 

1567 ft* per sec. 

22. Oblique Motion tinder Gravity. — We may now easi 
pass to the case of oblique motion under gravity. Suppos 




Fig. 6. 



for instance, a projectile, such as a bomb-shell, to be fired off 
A with a velocity which would bring it, were there no gravit 
to a' at the end of the first second, to a" at the end of t! 
second second, to a'" at the end of the third second, and 
on, describing equal spaces in equal times by the first law 
motion^ What will he its actual path utvder VVve aicWotv 
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gravity? Were the shell at rest, gravity would cause it to be 
at the end of the first second 490*5 cm. below the place it 
would have occupied had there been no gravity, and the same 
will happen whatever be its velocity. 

Now, at the end of the first second it would have been at A 
had there been no gravity, and hence its real position at thai 




time will be at b', 490'S cm. below a'. In like manner at the end 
of the second second it would have been at a" had there been no 
gravity, and hence its true position will be at B", 1962 cm. 
below a". Also at the end of the third second it would be at 
a'" without gravity, and thence it will be at b'", ^ia,'=,cwv 
below a'", through the action of gravity. T\vc \.Tue '5»V'r c.l'fee. 
projectile will therefore be a curve, bendmg tatftier avii W'rt!t«t 
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from the original line of impulse, such as we have shown in the 
above figure ; and finally the projectile will reach the ground 
again at c. The curve ABC, denoting the path of a projectile, 
may be shown to be a parabola. 

The form assumed by a jet of water is a curve of this kind. 
Thus if we obtain a stream of water at constant pressure by 
using a Mariotte's Bottle (see Fig. 6a). This consists of a 
bottle provided with a cork through which passes a straight 
tube open at both ends. An efflux tube provided with tap is at 
h. When this is open air will enter the bottle at the end of 
the vertical tube, and the water will escape with a pressure 
equal to the height of the lower end of this tube above the 
efflux tube. If we cause the water to issue horizontally as at 
a, or at an angle with the vertical as at 3, the curves formed 
may be shown by actual measurement on the board divided 
into squares to be parabolas. 



Lesson IV.— Second Law Continued: Action of two or 

MORE Forces. 

We have hitherto supposed only one force to act, and have 
found that its action is unaffected by the state of rest or 
motion of the body to which it is applied, and it is very easy 
to step from this to the case where two or more forces act at 
the same moment on a body. 

23. Two or more Forces in the same Direction. — Let 
us, in the first place, suppose that the forces act in the same 
direction. For instance, imagfine a piece of iron to fall by the 
action of gravity ; at the end of one second it will have the 
velocity of 981 cm. Suppose, now, that at the same moment 
at which gravity began to act upon it, and to cause it to fall, 
it was acted upon by a magnet so placed as to give it in one 
second a downward velocity of 981 cm. Then, owing to the 
joint effect of gravity and of the magnet, it will at the end of 
one second, according to this law of motion, have acquired the 
velocity of 981 + 981 = 1962 cm. per second, and have passed 
over the space of 981 cm. instead of 490*5 cm., which it would 
have passed over through gravity alone. 

Hence we are able to extend our definition of force (Art. 14). 

We thus see that if a double force be applied to the same 

body, it will produce a double velocity \n umt o£ Wrcve, a. lt\iple 
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a triple velocity, and so on ; in fact, a force may be 
•ed by the velocity which it generates when applied for 
:ond to a given body. Thus, suppose our unit of force 
which when applied to unit of mass produces unit of 
>r in unit of time, then a force represented by two will 
e in the same mass a velocity equal to two in unit of 
nd so on. So that in fact, regarding both mass and 
^, we see that the magnitude of a force is represented 
product of the mass into the velocity produced in it by 
ion of the force in unit of time. Suppose, for instance, 
force, acting during one second, produced in mass 3, a 
y 6, then it would be equal to 3 X 6, or 18, and so on. 
roduct of the mass into the velocity is called the 
itfun, so that a force is represented by the momentum gene- 
' it in unit of time, 

"essing this in a formula, if we call P the force, M the 
indy the velocity generated in unit time, we have : — 

p = m/ 

IS now pass to the case where two forces act simultane- 

•n the same body, but not in the same direction. 

Forces in Different Directions. — Thus, let a force act 

ibstance at A which if acting by itself would bring it to 

lit of time, and let another force 

>n the same substance which if acting 

If would bring it to D in unit of time, 

will the substance be at the end of 

:ond if these two forces act simul- 

sly upon it ? In reply, we may con- 

for the sake of illustration) that A D 

mts a horizontal platform that is 

1 to drop over a precipice, its frame 

that it contains moving downwards 
je of the law of gravity. Now, a 
ice is resting on the top of the plat- 
.t A, but in virtue of the action of 
r the point A will be found at B at the 

one second, the platform having in 

me descended a space equal to 

m. But at the moment when the descetvX. eotcvav^Tvcei"s, 

ruppose that the body at A, being made o^ vrotv/\s ^>a>a- 




FiG. 7- 
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jected to the attraction of a magnet that would bring it to D, 
the other side of the platform, in one second of time. This 
magnet will act in the same manner while the platform falls 
under the influence of gravity, so that at the end of one second, 
owing to the joint operation of the two forces, the body will be 
found at c : in other words, the substance will actually have 
travelled the space from a to c. 

25. Parallelogram of Porcea.— We thus perceive that the 
two forces act independently of each other, and we see 
generally how two or more simultaneous forces can be com- 
pounded together ; but in the first place let us say a few 
words about the method of representing forces by straight 
lines. 

Suppose, for instance, that a force is applied to a body at A 
(Fig. 8), tending to cause motion in the direction A B, and 

suppose that the line A B 

^ --^^---— — — ^ g has as many units of length 
p.jQ g as the force has units of 

force (see definitions, Arts. 
8 and 14) ; then A B is a correct representation of the force in 
question : for, in the first place, it starts from the point of 
application of the force, or A ; secondly, it lies in the direction 
of motion, or A B ; thirdly, its magnitude is proportional to 
that of the force. 

Referring now to Fig. 7, let A B denote in magnitude and 
direction one of two forces acting together on the body at A, 
and let A D represent the other ; it is clear, from the example 
just given in Art. 24, that A c will represent in magnitude and 
direction the resultant force due to the joint operation of A B 
and A D. This proposition is known as the parallelogram of 
forces, and may be stated as follows : " If two forces acting 
simultaneously on a particle be represented in magnitude and 
line of action by two lines drawn from that particle, and if 
these lines be made the sides of a parallelogram, then shall 
the diagonal of this parallelogram represent in magnitude and 
direction the single force which produces the effect of the 
two simultaneous forces." This single force is termed the 
resultant of the two component forces. 

26. Recapitulation. — We have thus seen that — 

(i) A force acts m the same manner upon a body in motion 
as if k were at rest. 
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(2) That if two simultaneous forces act upon a body, each 
acts independently of the other, so that to find the place of 
the body at the end of the first second under the joint action 
of two forces, A B and A D, you may suppose first of all, A B to 
act alone to the exclusion of A D, and having found the place 
of the body at the end of the first second due to A b, then 
suppose the second force A D to act, and thus find the true 
place of the body. 

S7. Preaaurea. — In all this we have supposed each force 
to be free to produce its own motion, but forces do not always 
cause motion. 

Thus, for instance, a piece of steel may be held by a magnet 
in defiance of the attraction of gravitation ; or we may take 
the familiar case of a heavy body resting upon the floor. 
Such a body is not free to obey the attraction of gravitation, 
and, indeed, reflection will convince us that in the great 
majority of instances the bodies which we see around us are 
not in motion through the force of gravity. 

But what really happens when a heavy body rests upon the 
floor? Striving to obey the force of gravitation, it presses 
together the particles of the floor until the resistance of these 
particles to further compression exactly counterbalances the 
force of gravity acting on the body ; and we say, in common 
language, that the weight of the body is supported by the 
floor. Thus, when the force of gravity does not produce its 
full motion, it causes pressure, which is measured by the 
resistance or opposing force, which either altogether stops or 
modifies the motion. 

A few illustrations will make this part of our subject clear. 

Question I. — A man in a carriage supports a half-hundred- 
weight in his hand. The carriage and all that it contains are 
now in the act of falling over a precipice — will he still continue 
to feel the strain of the weight upon his arm ? 

Answer, — He will not. When the carriage was on solid 
gfround, the tendency of this weight to approach the centre 
of the earth was resisted by his hand, and consequently he 
felt its pressure ; but as the whole system is now approaching 
the centre of the earth with the full velocity due to gravity, 
this resistance is no longer exercised, and the pressure no 
longer felt. In like manner a stone at the lop o^ a, c^jctv^l'^^ 
descending in this way will not, if free to f a\\, reatcVv \3tie ^00^ \ 
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but the whole system will fall together wkhout relative dis- 
placement of its various parts. The student will note the 
difference between this example and that in Article 19. 

Qttestio7i II. — A weight equal to 100 kilogrammes rests upon 
a support, the weight of which support may be neglected. 
This support is not altogether prevented from falling, but, in 
virtue of the machinery with which it is connected, it is only 
allowed to acquire a velocity of 490*5 cm. in one second. 
What will be the pressure upon the support ? 

Answer, ^-ThQ force being measured as before by the velocity 
which it produces in a second, we find that the weight has 
really descended in virtue of the action of a force only half 
that of gravity, since gravity would have given it the velocity 
of 981. An upward tending force equal to half that of gravity 
must therefore have been applied to the system. Now, as the 
whole force of gravity is represented by the weight of the 
body, the upward tending force or resistance will be repre- 
sented by half the weight of the body, or by 50 kilogrammes ; 
and this will be the measure of the pressure on the support. 
In like manner if the frame were so connected with machinery 
that it was only allowed to fall so as to reach a velocity of 
122*625 cm. at the end of the first second, then evidently we 
have an upward force tending to produce a velocity against 
gravity equal to 981 — 122*625, or 858*375 cm. per second, and 

hence - r? y o** h will be the proportion of the whole weight 

of the body borne by the frame, and the pressure upon it \nll 
therefore be 100 X | = 87*5 kilogrammes. 

Thus we see that the tendency of a force such as gravity 
acting upon a body is to produce motion in that body ; but 
when that tendency is altogether resisted by another opposing 
force, we have the statical case of two forces which are in 
equilibrium with one another. In like manner, too, just as we 
have the dynamical way of viewing the action of two forces 
acting simultaneously upon a body in different directions (Art. 
25), so we have also a statical solution of the same problem. 
This will form the subject of our next lesson. 
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Lesson V.— Forces statically considered. 

28. Parallelogram of Forces. — We have said that the 
parallelogram of forces forms a proposition in statics. In 
this proposition it is asserted that when two forces, acting 
upon a body at a point, are repre- 
sented in magnitude and direction by 
the sides of a parallelogram drawn from 
that point, the diagonal shall represent 
the resultant of these two forces, so that 
the two forces will be capable of being 
balanced by a third force exactly equal 
and opposite to this diagonal, and ap- 
plied to the same point. 

Thus, suppose we have at the point A 
(Fig^. 9) two forces, a b = 3 and A c = 4, 
acting at right angles to one another. 
Complete the rectangle ABCD ; then 
we know from the principles of geome- 
try that the diagonal A D of this rect- 
angle will have the value 5. (The figure 
is drawn so that A D is vertical.) This, 

then, will (if the parallelogram of forces be true) represent the 
joint action of the two forces AB and AC, and hence these two 
forces will be capable of being balanced by a third vertical 
force A d', exactly equal and opposite to A D. 

20. Experimental Proof. — The truth of this statement may 
be proved by a very simple experiment. Suppose that we have 
three separate strings tied together at the point O (Fig. 10). 
Let there likewise be two single pulleys G and K, which are 
fixed to stands. The object of these pulleys is merely to 
chang-e the direction of the forces, so that we have on the right 
hand a weight Q of 3 kilogrammes depending over the pulley 
K, and by means of the thread passing over this pulley, ex- 
ercising a pull of 3 kilogrammes, acting upon the point o, in 
the direction O k. In like manner, by means of the pulley G, 
and the thread which passes over it, we have a weight P of 4 
kilogrammes causing a pull upon the point O of 4 kilogrammes 
in the direction o G, and finally we have a third force R, 
equal to 5 kilogrammes, acting downwards from, o '\v\ \>cvc 
direction O R. 

13 
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We have thus, by means of (his arrangement, produced a 
system of three forces acting upon o, representing in magnitude 
the three forces a b, a c, a n , in Figure 9. Under these cir- 
cutnstances it will be found thai the forces which balance in 
Figure 10 will be represented both in magnitude and direc- 
tion by the lines of Figure 9, and if we draw lines A B, A c, 
A D on the board parallel to the threads and complete the 
parallelogram A c D B, and join A D, the diagram so obtained 
will be exactly similar to Figure 9, and these lines will thus 




form an accurate representation of the three balancing forces. 
In other words, two forces acting at A, represented by A c and 
A B of Figure 9, will be balanced by a third force, represented 
by A d'. But A D' is equal and opposite to A d, which is the 
diagonal of a parallelogram of which A c, A B are the two sides. 
The parallelogram of forces, therefore, holds true as a pro- 
position in statics. 

Exaoifi/ts.— i. Find by construction the resultant of two 
forces ofsand 12 dynes acting at a point ; the angle between 
the directions of the forces being 90^. 

Draw two lines ox and ov at right angles to each other; 
mark off on o x a length o A equal to s units lo any scale, and 
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on OY a lengfth OB equal to 12 units to the same scale ; throug*!! 
A and B draw lines parallel to ox and OY, thus forming a 
parallelogram o A c B ; join o c ; then the number of units of 
length in o c represents the number of dynes in the resultant, 
which in this case will be 13. 

2. Find the resultant of two forces of 10 and 20 dynes, when 
the angle between their directions is 6o^ 

In this case the lines o x and o Y must be drawn making an 
angle of 60° with each other, the rest of the construction being 
made as before ; the diagonal will then be found to measure 
26*4 units, and therefore the resultant is 26*4 dynes. 

Examples for Exercise, — i. Find the resultant of forces of 18 
and 24 dynes when the angle between their directions is (a) 30°, 
{h) 45% (r) 6o% (oT) 9o^ 

Answer : (a) 40*5, {b) 38*8, {c) 36*4, {d) 30. 

2. Find the resultant of forces of 6 and 8 units when the 
angle between their directions is (a) 120'', (^) 135°, {c) 150**. 

Answer : {a) 7*2, {b) 5*6, (<:) 4*1. 

30. Parallel Forces. — Continuing the consideration of 
forces from a statical point of view, we come to the question 
of parallel forces. 

For instance, let A denote a fulcrum, about which a rod, b c. 




Fig. II. 



without weight, is free to move, and let there be two weights, 
P and Q, applied at b and c. We have thus two downward 
forces, p and q, acting at B and c, and an upward ^OTce^ ^^ 
acting at the fulcrum A, representing the resVslatvce vcvVeT^ose^^ 
hy the fulcrum to the weight of P and Q, and hetvce, o^ co>\T^^fc^ 

\> 2. 
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equal to the sum of these two weights. The question is, under 
what conditions will such a system be in equilibrium ? 

Now, it is found by mechanical principles that if the force P 
multiplied by its arm be equal to the force Q multiplied by its 
arm — that is to say, ifpxA b = qxa c — then there will be 
equilibrium ; but if P x A B is greater than Q x a c, then P will 
begin to move down, while Q rises : and, on the other hand, if 
Q X A c is the greater, Q will begin to fall. 

The product of a force into a perpendicular, dropped from 
the fulcrum upon its line of action, is called the moment of 
the force ; and hence, as in the above case, where there is 
equilibrium, the moment on the one side is equal to that on 
the other. This important statement is called the Principle 
of Monients, and is generally true ; thus, suppose o A b (Fig. 
iia) to be a heavy disc freely movable about the point o and 
acted upon by two forces, P and q, in the directions shown, 
p and Q tending to rotate the body in opposite directions. To 
find the moment of the forces draw o A and o b perpendicular 
to the direction of the forces, then calling o a =/, and od=qj 
the body will be in equilibrium if 

The principles which we have now stated and applied to 
two forces, p and Q, may be extended to any number of forces 

applied to a system which is 
supported on a point or ful- 
crum ; and in all cases where 
there is equilibrium, we may 
assert that the sum of the 
moments tending to produce 
rotation in one direction is 
precisely equal to the sum of 
those tending to produce ro- 
tation in an opposite direc- 
tion. 

30a. Experimental Proof 
of the Principle of Mo- 
menta. — The principle of 
moments may be experi- 
mentally proved with the aid of the apparatus shown in Fig. 
11^. A circular disc of wood is pivoted so as to revolve freely 
/n a vertical plane and to balance in any position. At different 




Fig. iia. 
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points weights may be suspended such as at A and B. The 
disc will turn round until the principle of moments is satisfied 
To show that this is so 
a plumb bob is sus- 
pended from the centre 
of the disc and the dis- 
tances p c and c Q are 
read off on the milli- 
metre scale etched on 
mirror glass placed be- 
hind- the strings. Thus 
in one experiment, P 
was 50 grammes and 
Q 100 grammes, the 
distance p c was 100 
millimetres and c Q al- 
most exactly 50 milli- 
metres, or 

50 X 100=100x50. 

30b. Applicationa 
of fhe Principle. — 

With an iron lever or 




Fig. iii>. 



crowbar (Fig. iic) a man, if he has sufficient leverage, or pur- 
chase as it is called, may raise a very large weight Q ; for 
although his own force, P, is small, it acts at the end of a 
long arm, BC, and hence its moment is great. The nut- 
cracker. Fig. 1 1^, is an example of a lever where the forces 

applied at P and P 
are made to apply 
crushing forces at 
Q and Q, the ful- 
crum in this case 
being at the hing- 
ed joint. Pincers, 
scissors, &c., are 
also examples of 
levers where a com- 
paratively small power at a great leverage produces a very 
great effect. 

Example I. —On a straight lever without we\g\\X. vi^ VvacMc. otv 
the right hand of the fulcrum two forces — uan\e\'y , ^ ^t'a.\xvvjvc^ 




Fig. lie. 




38 ELEMENTARY PHYSICS chap, i 

at a distance of 6 centimetres, and 12 grammes at a distance 
of 8 centimetres ; while on the left hand we have 10 grammes 
at a distance of 10 centimetres : which arm will tend to fall? 
On the right we have 8 x 6 = 48 and 12 x 8 = 96, in all 48 + 96 

= 144, for the sum of the 
moments tending to depress 
this right arm ; while on the 
left we have 10x10=100 for 
the moments tending to depress 
the left arm ; but the former 
is greater than the latter, and 
hence the right arm will be 
depressed. 

f i^- "^- Example II. — Compare the 

moments of forces P = 7 dynes 
and Q = 24 dynes about a point whose distances from their 
lines of action are 7 cm. and 3 cm. respectively. 

Moment of p 7x7 49 
Moment of Q ~ 24 x 3 ~ 72 

Example III. — A weightless rod 80 Cm. long rests on a 
support 20 cm. from one end ; if a weight of f kg. be hung 
from this end, what weight must be placed at the other end in 
order that the rod may be in equilibrium ? 

Since the rod tends to turn about the fixed support, it will 
be in equilibrium when the moments of the forces on each 
side of this support are equal, hence if w be the required 
weight : — 

wx6o=i X 20 

.•.w=ikg. 

Lesson VI.— Laws of Motion {continued), 

31. The Third Law of Motion. — In the preceding pages 
we have exemplified the first two laws of motion. In the 
first of these it was asserted that a body cannot alter its 
state of rest or motion without the application of a force. 
In the third law it is asserted that this force must be applied 
through the agency of some external body. Thus, for in- 
stance, let us take a body which rests on the table. We 
say it rests, but, as already stated (Art. 5), we have reason 
to believe that the particles of this body are in a state of 
violent commotion among themselves ; nevertheless these 
motions are not such as to alter the position of the body, 
which, unless acted on from without, will continue appa- 
rent'ty in a state of rest. The forces within the body can only 
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alter the relative position of the various particles of the body, 
but cannot alter the position of the body as a whole. In like 
manner, a man in a carriage cannot drive himself forward, 
but in order to do so he must make use of the ground, or 
something external to the carriage itself. 

But although abody as a whole cannot assume motion with- 
out the application of some external force, yet, owing to the 
action of internal forces, we may have one part of a body 
driven in one direction, and another driven in the opposite 
direction. Now, whenever this takes place, it is asserted 
by the third law of motion that whatever momentum may 
be communicated in any one direction by an internal action 
of this kind, precisely as much will be communicated in an 
exactly opposite direction. 

There are, however, cases where the application of this 
principle is not obvious : but it only requires a little study to 
convince us that it holds in all. Take, for instance, a g^n 
which is fired. At first sight it appears as if, through the ex- 
ercise of internal forces, one part of the gun, namely the 
bullet, has been driven violently forward without there being 
any motion in an opposite direction. A little reflection will, 
however, convince us that this is not the case ; for were the 
gun mounted on a carriage without friction, we should find that 
while the bullet was propelled violently forward, the gun itself 
was propelled in the opposite direction ; and further, if we 
made accurate observations, we should find that the backward 
force was precisely equal to the forward force, so that if we 
multiply the mass of the bullet by its velocity of propulsion, 
and the mass of the gun by its velocity of recoil, the two pro- 
ducts will be equal ; or, in other words, the momentum 
generated in one direction is precisely equal to that generated 
in the other, and hence the force exerted in the one direction 
is precisely equal to that exerted in the other. 

On this account the third law of motion is sotfietimes stated 
as follows : — 

Action and reaction are equal atid opposite. 

To take another instance. Suppose that I drop a stone 
towards the ground ; it soon, through the action of the 
gravitating earth, attains a considerable velocity. The earO\ 
has acted upon the stone^ tending to puW \t loviaxds \\s«\S. % 
and this case is, in fact, the reverse of that ot tV\e ^utv. \vv N}cve 
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system containing the gun and bullet, we had a repulsive 
force generated which propelled the bullet in one direction 
and the gun in another ; but in the system embracing the 
earth and stone we have a certain velocity of approach 
generated in the stone, and the stone here corresponds to 
the bullet of the gun, while the earth corresponds to the g^n 
itself. We should, therefore, expect from the third law of 
motion that in this case, while the stone comes down to meet 
the earth, the earth should go up to meet the stone ; and this 
is no doubt true, only the mass of the earth being so very 
much greater than that of the stone, the velocity with which 
the earth mounts upwards to the stone will be very much less 
than that with which the stone moves down to meet the earth. 
But the momentum of approach will be the same both for the 
stone and the earth. 

Let us next suppose that a cannon while in the act of being 
fired is firmly fixed to the earth. The ball is seen to fly 
forward with great velocity, but the cannon, being fixed, 
does not appear to move. Is not the reaction destroyed in 
such a case as this? We answer that the reaction is not 
destroyed, but only rendered inappreciable ; in fact, the 
cannon, being firmly bound to the earth, forms a part of the 
earth itself, so that we have the cannon-ball moving rapidly 
forward with a great velocity, and the earth, to which the 
cannon is fixed, moving backwards with an inappreciable 
velocity, because of its great mass, the momentum being as 
before, the same in both directions. 

The same thing takes place when a man leaps upwards. 
The muscular force which he exerts is very similar to the 
action of the powder in the cannon, and the man, like the 
bullet, is propelled in one direction, while the earth is pushed 
downwards in the other ; of course, with an inappreciable 
velocity, on account of its enormous mass. 

31a. Further Examples. — The same principle will guide us 
to a correct solution in a great variety of important cases. 
Let us take that of a bomb-shell flying along with the velocity 
of 200 metres a second. Suppose that it meanwhile explodes 
into two parts of equal weight, one of which is propelled 
forward in the direction in which the shell is moving, with an 
additional velocity of 200 metres per second. According to 
the third law of motion, the other half v/iVV be pushed back- 
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wards with the same velocity of 200 metres per second. The 
result of the explosion will therefore be, that one half of the 
shell will be propelled forwards with the double velocity of 
400 metres per second, and the other half will have lost its 
previous niotion, and be brought to a standstill. 

If the weight of the shell be 10,000 grammes, then, taking 
the gramme as our unit of mass, the forward momentum 
before explosion was 10,000x200, while the momentum after 
explosion will be i^^X400, or precisely the same as before. 
We had, in fact, previous to the explosion, the whole mass 
moving with the original velocity, and after explosion we 




rto. la. 

have the half mass moving with a velocity double of the 
original. 

The Eolipyle, invented by Hero of Alexandria, is a very 
good Illustration of the principle of reaction. It consists of a 
hollow metallic sphere capable of rotating about an axis, as in 
Fig. 12. It is fitted with two small appendages, open at the 
end, out of which steam may be made to issue. Having 
introduced a sufficient quantity of water into this apparatus, 
let it be heated by a spirit-lamp. When the temperature has 
risen to the boiling-point, steam will begin to issue from the 
openings, and in consequence of the velocity with which it 
issues out the globe or boiler will be driven round in the 
oppoule direction, on the principle of reaction. 

The r(H:liet is another illustnitioa of the same pT\i\i;\v'^A'<^* 
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downrush of heated gas from its lower extremity causing- the 
rocket itself to mount upward in an opposite direction. 

If we study the case of the rifle already given we shall find 
that the centre of gravity of the system which consists of the 
r'lfie and its ball is not affected in position by the discharge, 
and hence the third law of motion may be stated as follows :— 

// a system be acted upon by no external force ^ then its centre of 
gravity^ or^ to speak more properly ^ its centre of inertia is either at 
rest or moving in a straight line with a uniform velocity. 

It will be perceived that this is in reality a generalisation of 
the first law of motion. 



CHAPTER II. 
THE FORCES OF NATURE, 

Lesson VII.— Universal Gravitation. 

3S. Classification of Forces.— We have already seen 
(Art. 6) that the forces of nature may be divided into three 
g^roups — 

(i) Those embracing' universal g'ravitation. 

(2) The molecular forces. 

(3) The atomic forces. 

The distinction between molecular and atomic being that 
molecular forces denote those exerted between particles of 
the same substance, while atomic forces denote those exerted 
between particles of different substances. But of the forces 
connected with molecules and atoms we have some which 
may be characterised as permanent, while others are, appa- 
rently at least, temporary and evanescent. Thus a piece of 
iron has certain permanent properties, and certain permanent 
forces connected with these ; besides which it may be tem- 
porarily magnetized, when it exhibits a strong attracting 
power for other iron, which, however, vanishes when it is 
agfain demagnetized. 

In the same manner a body when electrified possesses 
peculiar properties, with which it parts whenever it loses its 
electricity. These peculiar and temporary exhibitions of 
force we shall consider at a subsequent stage ; but in the 
meantime we shall confine ourselves to those forces -wVCvOcv 
may be said to he permanentXy associated vjilVv cetVat\tv>Do^vis. 
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33. The Force of GraTitatlon. — The most important and 
best-understood force belonging to matter is "universal 

gravitation," a force which was first clearly 
defined by the g^enius of Newton. 

In order to attain a distinct perception of 
this force, let us begin with terrestrial gravity. 
It has already been stated (Art. 20) that the 
earth attracts a falling body with a force suffi- 
cient to generate a velocity of 981 centimetres, 
or 32 feet, in one second. The question natur- 
ally arises. Does it generate the very same 
velocity in every falling body ? This was the 
question which Newton asked himself, and he 
found by experiment that the velocity was 
precisely the same in the case of each body. 

Previous to Newton, Galileo had arrived at 
a similar conclusion as regards bodies of differ- 
ent weight ; but in advocating it he met with 
g^eat opposition from the schoolmen, for in 
those days men had hardly yet begun to ques- 
tion nature by experiment, and were guided 
almost entirely by authority. The followers 
of Aristotle asserted that a ten-pound weight 
would fall to the ground ten times as fast as a 
one-pound weight. Galileo, therefore, let two 
such weights drop from the top of the tower 
at Pisa, and they both reached the ground as 
nearly as possible together. The larger weight 
was, however, very slightly before the other, 
and it was properly remarked by Galileo that 
this difference was due to the resistance of 
the air. 

33a. The Gninea and Feather Experi- 
ment. — It is, in fact, this resistance that ren- 
FiG. 12a. ders the law of equal velocities for all falling 
bodies difficult of perception at first sight; 
for if we drop a feather and a piece of lead, the feather will 
evidently lag behind the lead. Now, it is obvious that the sur- 
face of the feather being very large compared to its weight, 
the resistance of the air will naturally influence its motion very 
much, and make it lag behind. We may, however, exhaust a 
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taii cylinder (see Fig*. 12a) by means of an air-pump, and 
contrive to drop a feather and a bullet together from the top 
of the cylinder, when the two will be found to reach the 
bottom at the same moment ; then, if air be again admitted, 
the feather will lag very much behind the bullet. 

34>. Pendulum Experiments. — But experiments on falling 
bodies are not capable of being made with very great exact- 
ness, because they pass too rapidly before our eyes. Newton, 
in his experiments, obviated this difficulty by taking 
tage of another mode of action of 
the force of gravity. When a Q 

pendulum (see Fig. 12^) is pulled A 

aside from its vertical position OA 
to OB, and then left free, the 
heavy part or bob, in virtue of 
the force of gravity, tries to settle 
in the lowest position, which is 
that of verticality ; but when it 
regains this position it is mov- 
ing with a considerable velocity, 
which will suffice to carry it up on 
the other side to a distance oc, 
nearly equal to that from which 
it fell, and the pendulum will go 
on oscillating backwards and for- 
wards on both sides of this lowest 
point for a very long time. Now, ^ f^ 

the time of one of these oscilla- Fig. 12^. 

tions enables us to measure the 

force exerted by gravity on the heavy matter of the pendulum ; 
for if there were no gravity there would be no oscillation ; 
if very little gravity the oscillation would be very slow, so 
that the quicker the oscillation the greater the force of 
gravity. 

By an arrangement of this nature we can measure the force 
of gravity with great exactness ; for the pendulum will pro- 
bably vibrate 10,000 times before it stops, and we can therefore 
ascertain the time of 10,000 vibrations with an error which 
bears a very small proportion to the whole time. 

It can be proved that if the length oi a s\mip\e ^ewdk.viNxasN. 
such as shown in the fig^ure be denoted by Z, lYve Wrcv^ oS. ^ 
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single oscillation by /, and by .^'', the acceleration due to gravity, 
then / = IT kIL 

Since tr = 3*1416, and %^ — 9*87 nearly. 
Some examples of the use of these important formulae will be 
given. 

Example /. — Find the length of the seconds pendulum at a 
place where g = 981*34 

Here / = i sec. 

'^ g 

.-. / =-.,— - -^-- — 09*426 centimetres 
IT- 9-87 ^^ ^ 

Example II. — If the time of oscillation of a pendulum 63*5 
centimetres long be *799 seconds, find the value of ^. 

g = 9-87/= 9*87 X - -^^'5 

f' ^ ' 799 ^ 799 
= 981*9 

Examples for Exercise. — i. A pendulum oscillates 66 times per 
minute at a place where g = 980*61 : what is its lengfth? Arts. 
82 '3 cm. 

2. A pendulum 99*39 cm. long beats seconds at Paris : find 
the value of^at that place. Ans, 980*97 cm. 

34a. Ne^irton' 8 Experiment. — Now, Newton constructed a 
pendulum, the heavy part or bob of which was a bbx, into 
which he might put a number of different substances. In each 
case the same weight was put into the box, so that the resist- 
ance of the air would have the same effect on each, and he 
found that for all substances the pendulum oscillated in pre- 
cisely the same time. 

Let us endeavour to ascertain what this means. Since on 
each occasion the same mass was enclosed in the box of the 
pendulum, this means that on each occasion the gravitating force 
was the same. It does not. however, follow that the mass was 
the same in each case ; for, until we have found out by expe- 
riment, we have no reason to suppose that the mass of a pound 
of lead is the same as that of a pound of wool. But had the 
masses been different in Newton's experiment, the pendulum 
would have had a different time of osc\UatVot\ aeeordm^ to the 
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nature of the substance enclosed in the box, just as the box 
itself, if free to obey gravity, would have fallen to the ground 
with a velocity depending on the nature of its substance. 

But Newton found the time of oscillation always the same, 
and hence he concluded that bodies of the same weight are 
also of the same mass, or that the force of gravity is always pro- 
portional to the mass. 

35. Gravity and Magnetism Compared. — Thus gravity 
is not like magnetism. If a pendulum with an iron bob were 
swung in the neighbourhood of a magnet, its time of oscilla- 
tion would be very different from that of one with a leaden or 
brass bob ; but under gravity there is no such difference. 

35a. Weight and Mass. — We thus see that weight is a 
correct representative of masSy and that the mass of a pound 
of feathers is equal to that of a pound of lead, half as much 
as that of two pounds of iron, and so on, without respect to 
the nature of the substance. Adopting, therefore, the gramme 
for the unit of mass, and for unit of force that which, when 
applied to unit of mass, generates in one second a velocity 
equal to unity, the force of gravity which acts on one gramme 
will be denoted by 981, inasmuch as it generates this velocity 
in unit of mass in one second ; that which acts on 5 grammes 
will thus be 5 x 981 = 4905, and so on, the total moving force 
being measured by the momentum which it generates in one 
second ; that is to say, by the product of the mass into the 
velocity. 

Thus we see that the earth attracts every particle of every 
substance with a force proportional to the mass of the sub- 
stance. 

The attractive force acts in the direction in which the plumb- 
line hangs, or in what we call a vertical direction, and it is of 
such a value that it will produce in all bodies which fall freely 
an acceleration equal to 981 centimetres per second nearly. The 
word acceleration is here used to denote the velocity generated 
by terrestrial gravity in one second of time. 

We may then write the formula of Art 23. 

W = Mg, 

where g has its usual meaning. 

Example /. — A mass of i kg. is suspended by a string at a 
place where g = 981 '34. What is the tension o? \.Vvfe sVcvcv^ \w 
dynes ? 
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Answer, — The tension of the string is due to the weight of 
the body, and this is equal to Mg units of force, hence 

Tension ~- looo x 981*34 
= 981340 dynes 

Example II. — A mass of iron is weighed on a spring balance 
at a place where g = 980*94, and the reading on the balance is 
500 grammes. What will the reading be if the weighing be 
made at a place where .^ = 981 *54 ? 

Answer, — Let W^ and IV^ be the readings 

gi and ^2 t^^ corresponding values of^ 
M the mass of body, which is the same wher- 
ever the body be weighed 

then IV^ = Mg^ 
IV, = Mg, 

= 981*54 X 500 

980*94 
= 500*31 gms. nearly 

35b. Direction of Force of Gravity. — The line of direc- 
tion if produced will pass very nearly through the earth's 
centre ; but of course, the earth being round, the plumb-line 
at one place will differ in direction from that at another place 
some distance off. We thus see that the various directions in 
which the force of gravity acts are not in reality parallel to 
one another ; nevertheless all plumb-lines or vertical lines 
within a short distance of one another are as nearly as possible 
parallel, seeing that it requires the distance of one mile to 
make a change equal to one minute of arc in the direction of 
the plumb-line. 

Again, this force of attraction of the earth for substances 
near its surface is also dependent upon the magnitude of the 
earth itself ; for were there no earth there would be no attrac- 
tion ; were the mass of the earth only half what it is, the 
attraction would only be half as great, and the mass of matter 
contained in a pound would then distend a spring only half as 
much as it does at present : on the other hand, were the earth 
double in mass of what it is, its size remaining the same, the 
attraction of gravitation at its surface would be twice as great. 



.ESS. VII THE FORCES OF NATURE 49 

Thus we see that the whole force varies with the mass of the 
arth or attracting body, as well as with the mass of the attracted 
ody. In fact, we may say that every particle of the earth 
ttracts every particle of a stone or other heavy body, and, of 
curse, by the third law of motion, action and reaction beingf 
qual and opposite, every particle of the stone attracts every 
•article of the earth in the opposite direction. 

36. Variation of the Value of Gravity. — Suppose now that 
vre could observe a stone placed twice as far from the earth's 
tentre as it is at present, would the attraction of the earth be 
is great upon it as it is at present ? Certainly not ; for if the 
ittraction did not diminish in some way with the distance we 
should be drawn to the sun rather than to the earth, since the 
nass of the former body is so much the greater. The attrac- 
tion exerted by a heavy body must therefore vary in some 
manner with the distance of the body. It was reserved for 
Newton to find out the law of this variation. It is such that, 
if the distance be doubled, the attraction is diminished four 
times ; if the distance be tripled, the attraction is diminished 
nine times, and so on, which is expressed by saying the force 
of gravitation varies inversely as the square of the distance* 

37. Ne^p^on'B Proof of the La-w of GraYitation. — A proof 
of the truth of this assertion occurred to Newton. We cannot, 
indeed, place a stone so as materially to increase or diminish 
its distance from the earth's centre, but we have the moon 
upon which to make our observations. 

Thus let D (Fig. 13) be the centre of the earth, and let A be 
the place of the moon at any moment, and c be its place one 
second later. When the moon was at A, it was moving in the 
direction A B, and would have continued to move in this line, 
by virtue of the first law of motion, had not the earth inter- 
fered. It would thus have been at B at the end of the first 
second, but by the attraction of the earth it has been pulled 
from B to C in one second of time. B c, in fact, corresponds to 
the 490*5 cm. through which a body falls at the surface of the 
earth through the force of gravity in one second ; so that we 
have the following proportion : — 

Force of earth's attraction at the moon is to force of same at 
the earth's surface as BC is to 490*5 cm. 

Now AC being the arc of a circle of whicVv x> \s \>cve ee^wXx^^ 
and A B a tang-ent at A, we have, by a weU-kno'wtv ^tov^^vWoyv 



so 



ELEMENTARY PHYSICS 



CHAP. II 



in g-eometry, A B- = 2 c d. b c nearly, or (since A b is nearly 
equal to A c) A c- — diameter of orbit X B c nearly ; hence 



B c = 



AC' 



diameter of orbit. 

Now, the moon is, in round numbers, 240,000 miles from the 
earth's centre, or sixty times as far as the earth's surface is, 




Fig. 13. 



and hence the circumference of the moon's orbit is 1,508,000 
miles. This distance it describes in 27d. yh. 43m., and hence 
the length described in one second, or A c, will be 

1,^08,000 ., ^ ., 

*^^ * miles = 0*639 niiles. 

2,360,580 

Again, the diameter of the orbit, or double the radius, is 
480,000 miles ; hence : 

(0-639)- ., 
B<- = .q;> ;3cr""»^s = •137 cm. 
400,000 ^' 

Hence, also, the proportion previously stated becomes — 
Force of earth's attraction at the moon is to force of same at 
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earth's surface as '137 centimetre is to 490*5 centimetres or 
as 3-«W ^^ ^0 I » t^^t is to say, as a matter of fact ^ the force of 
the earth's attraction at the moon's surface is uthjtf o^ what it 
is at the earth's surface. Now, the moon is sixty times farther 
away from the earth's centre than the earth's surface is ; and 
hence if the law of gravitation, as announced by Newton, holds 
g-Qod, the earth's attraction at the moon's surface should only 
be 1/60''^ of what it is at the earth's surface; now 

I I 



(60)^ 3,600 

this, therefore, is the proportion which ought to hold if Newton's 
law be true ; but this we have seen is also the ar//w/ proportion 
between the two attractions. The law, therefore, holds g-ood 
ia the case of the moon, and in like manner it might be shown 
to hold for the various members of the solar system, regarding 
the sun as the gravitating body. We are thus led to the grand 
law of universal gravitation, which may be stated as follows : 
Every substatue in the universe attracts every other substance with 
a force jointly proportional to the mass of the attracting atui of the 
attracted body^ and varying inversely as the square of the distame, 

38. Illustrations of the Lai^r. — Suppose that we have two 
bodies of mass equal to unity and distance from each other 
equal also to unity, and suppose (for the occasion) that the 
attraction between them is also unity. 

(i) Were the one body increased six times, the whole 
attraction would become 6. 

(2) Were both bodies increased six times, each unit of the 
one body would attract each unit of the other with a force 
equal to unity ; hence the whole attraction would be 6x6, 
or 36. 

(3) In like manner if one body had a mass equal to 6, and 
the other a mass equal to 4, the whole attraction would be 24. 

(4) If in addition to the masses in (3) the distance were 
doubled, the attraction would now be 

24 _ 



t- =6. 



2x2 

(5) Let the mass of the one be 9, of the other 7, and the 
distance be 5, then the attraction will be 

9_i.7^_63, 
S^ S 25 
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boxes in its descent, but the rings will allow ii 

40, AecalerBtion Vartes »■ roTCt.—Ex/trrmen. 
pose now (hat each of the boxes weighs 100 grai 
that we pu( 400 grammes into the one and 450 into 
also let us take into account the pulley in our est 
the weight of the boxes. It is clear that the heavii 
begin lo descend, and that the lighter wiW vnoaM. v; 
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The mass to be moved is in all (including- the weight of the 
boxes) 1,050 grammes, while the force is that caused by the 50 
grammes of excess in one of the boxes. 

Now^, a gramme being" unit of mass, this force will be 
denoted by 50 x force of gravity = 50 x 981 = 49,050, which 
will therefore be the moving force. On the other hand, the 
whole mass to be moved is 1,050, and hence the velocity ac-. 
quired in one second (represented by the moving force divided 
by the mass to be moved) will be 

^9.*25^z= 46*7 cm. per second nearly, 
1,050 

while the space passed through will be half of this (Art. 21), or 
23*35 c"' Suppose now we place on our graduated rod a 
plate 23*35 cm. below the box containing the larger weight, 
and allow this box to fall just when the clock is beating a 
second, it ought to strike against the plate exactly one 
second after it began its descent, and just when the clock is 
beating* the next second. 

Experiment B. — Having made Experiment A, and ascertained 
that the result agrees with our calculations, let us now double 
our motive force, keeping however the same total mass. 
Thus let there be 375 grammes put into the one box, and 475 
into the other, so that the total mass, including that of the 
boxes, will be 475 + 375 + 200 = 1,050, or the same as before, 
while the excess of weight will be 100 grammes, and the 
moving force 100x981 = 98,100, being double of that in 
Experiment A. The velocity acquired in one second will 
therefore be 

^-^ = 93*4 cm. per second nearly, 

1,050 

while the space passed through will be half of this, or 46*7 cm. 

Let us therefore place a plate so as to arrest the box with 
the larger weight when it has passed through 467 cm., and 
we shall find as before that it will strike against the plate 
exactly one second after it began its descent. 

Let us now realise what we have proved by means of these 
two experiments. In Experiment A we had a mass equal to 
1,050, and a moving force equal to 50x981, at\d vje vi>rtVdAWi^ 
as the result the velocity of 46*7 cm. in one secowd. 
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In Experiment B we have the same mass, namely 1,050, 
and a double moving force, or 100 x 981, and we obtained in 
one second a velocity equal to 93*4 cm. in one second. 

We thus see that : Law I. While the mass remains the same^ 
the velocity generated in unit of time varies as the force, 

41. Acceleration Varies as Mass. — Experiment C. — In this 
experiment let us keep the same force we had in Experiment 
A — namely, that produced by an excess of 50 grammes, but 
let us diminish the whole mass by one half. This will be done 
by putting 137*5 grammes ^"^o the one box, and i87'5 grammes 
into the other, for the excess will be 50 grammes, the same as 
before, while the whole mass, including that of the boxes, will 
be 137*5 ^ 187*5 + 200 =525, or the half of 1,050, which was 
the mass in Experiment A. The velocity acquired in one 
*>econd will here be 

50x981 

525 
and the space passed over in one second half of this, or 
46*7 cm. 

Placing the stage at this distance below the heavier box, 
it will be found to reach it at the expiration of exactly one 
second. 

Comparing together Experiments A and C, we find that in 
both we had the same moving force, or that due to an excess 
of 50 grammes ; but in Experiment A we had a mass of 1,050, 
while in Experiment C the mass was only half of this. The 
result obtained was a velocity in Experiment C twice as great 
as that in Experiment A. 

We thus see that: Law II. While the moving force remains 
the same, the velocity generated in unit of time varies inversely as 
the mass. 

Combining these laws, we perceive that the correct measure 
of a force is that already given — namely, the momentum, or 
product of mass into velocity, generated in unit of time. 

4>S. Proof of Ne^PTton's Pirst Law. — Experiment D. — Let 
us arrange the boxes as in Experiment A, only let the excess 
of weight, namely 50 grammes, be in the shape of a bar which 
lies across the box (Fig. 14). 

Also let us place a ring instead of a plate at a distance o( 
23*35 cm. below the point from which the heavier box begins 
to descend. It will as before reach the rvtv^ exactly at the 
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expiration of one second, and by means of the ring- it will be 
relieved of its surplus weight of 50 grammes, which, being in 
the shape of a bar, will be caught by the circumference of the 
ring", while the box itself will descend through its centre. 
The box will now be moving with the velocity of 46*7 cm. in 
one second, and since there is no longer any moving force it 
will, by the first law of motion, continue to move at this rate. 
Let us therefore place a plate 46*7 cm. below the ring, and it 
will be found that the box will reach this plate exactly one 
second after it reached the ring, and exactly two seconds 
after it first started. 

Experiment E.— Everything being the same as in Experi- 
ment D, let us place the plate, not 46*7 cm., but twice this, or 
93*4 cm., below the ring. Since the body, after passing the 
ring*, moves with a uniform motion, it will be found to reach 
the plate in exactly two seconds after it passed the ring, or 
three seconds after it began to fall. 

Comparing' together Experiments D and E, we find that 
they are an illustration of the truth of the first law of motion, 
and that the box, being relieved by the ring of all moving 
force, and therefore being in a condition to illustrate the first 
law of motion, passes through the space of 46*7 cm. during 
the first second, and through the same space during the next, 
thus describing equal spaces in equal times. 

4>3. Velocity Proportional to Time. — Experiment F. — In 
Experiment A we obtained a velocity of 467 cm. per second, 
when a moving force due to the weight of 50 grammes oper* 
ated for one second on the mass of 1,050 grammes. Suppose 
now we allow the same force to operate on the same mass for 
two seconds instead of one, and place the ring so as to take 
off the moving force when it has operated exactly two seconds 
on this mass. The ring will in this case be put at four times 
the distance at which the stage was put up in Experiment A, 
or 23*35 X 4 = 93*4 cm. from the starting-point. 

As the heavier box will reach this ring in exactly 
two seconds, it will then be moving with the velocity 

49»o5Q X 2 = 93*4 cm. per second ; and the moving force 
1,050 
being left behind on the ring, the box will, by the first law of 

motion continue to move uniformly with \.Vv\s >je\oc\\>j. \S.^ 

there/are, we place a stage 93*4 cm. below lV\e r\t\%^ ^N^^ >oQnt 
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ougfht to reach this stag-e exactly one second after it has 
passed the ring, or exactly three seconds after it has begun to 
fall. 

By performing this experiment we see that the same moving 
force, when applied to the same mass, will generate in two 
seconds of time a velocity twice as great as that which is 
generated in one second, or: Law IIL The velocity generated 
hy a constant force is proportional to the time during which thefora 
has acted, 

4>4. Space Varies as Sqnare of Time. — Experiment G.— 
We see very easily from the above experiment that the spaces 
passed over by a body under the action of a constant force 
vary as the squares of the times. 

For in Experiment A we placed the stage 23*35 cm. below 
the starting-point, and the box was found to have arrived there 
in exactly one second. 

Again, in Experiment F, we placed the stage four times as 
far from the starting-point, and we found that the box reached 
it in exactly two seconds ; and if we place the stag^e nine times 
as far from the starting-point (provided the apparatus be 
sufficiently high), we shall find that the box will reach it in 
exactly three seconds, thus proving : Law IV. That under the 
infliteme of a constant force the spaces passed over vary as the squares 
of the limes, 

45. Uniformly Retarded Motion. Experiment H. — We 

may also make use of Atwood's machine to illustrate the laws 

of uniformly retarded motion. Thus if we throw up a stone 

so as to give it the velocity of 981 cm. per second, gravity 

will, by the second law of motion, tend to impress upon it a 

downward velocity of 981 cm. in one second, so that at the 

end of one second it will have no velocity at all, and will be 

in the act of commencing its descent. Also, it will have 

moved during this second with an average velocity equal to 

981+0 _ . 
= 490*5 cm. per second, 

2 

and hence it will have ascended through a space equal to 
490-5 cm. 

Suppose now that the stone is projected upwards with the 

velocity of 1,962, or double that of the former. It will be two 

seconds before gravity is able to impress upon it a contrary 

velocity of i,g62f so as to bring \l lo resV. U >NiU therefore 



LESS. VIII THE FORCES OF NATURE 57 

mount upwards for two seconds, and will do so with the 

average velocity of -i^- =^ 981 cm. per second, and 

2 

hence the whole space described during" the two seconds of 

ascent will be 981 x 2 = 1,562 cm. 

Thus we see that with a double velocity of projection the 
stone mounts four times as higfh, and in like manner it might 
be shown that with a triple velocity it would mount up nine 
times as high. 

In fact, we have here space described against the action of 
gfravity just as we previously had space described by aid of 
the action of gravity, and the two cases are connected 
together by a very simple law. Thus if a stone be projected 
vertically upwards, it will reach to such a height that when it 
falls again under the influence of gravity it will finally strike 
the ground with the very same velocity with which it started. 
During its ascent gravity has acted so as to take away its 
upward velocity, and during its descent it has produced just 
as much again in an opposite direction. 

Now this law can be approximately illustrated by Atwood's 
machine. Let us for instance, as in Experiment A, adhere to 
a total mass of 1,050 grammes, the moving force being a bar 
50 grammes in weight ; also place the ring at any given dis- 
tance, for instance one metre below the starting-point of the 
heavier box, and finally let there be a ring from which at the 
same moment the ascending box shall take up a bar equal in 
weight to that dropped by the descending box. The motion 
will now be taking place against a moving force equal in 
amount to that which previously operated in its favour, and 
therefore, if we place a stage one metre below the ring, we 
shall find that the box will nearly touch that stage, and then 
begin to mount upwards. Thus it passed through one metre 
under the influence of a certain force, and by this means 
acquired a velocity which enabled it nearly to describe the 
same space of one metre against the influence of a similar 
force before it was finally brought to a rest, and its motion 
reversed. 

4>6. Additional Examples. — It may be useful to give oirc 
or two examples in illustration of this subject. 

Example I. — Neglecting for the present iVve ^e\^\v\. oS. \>cvvi. 
puJJe^ m AtwooiVii machine, let the oue bo-x. \n^v>^ ^^'Q'^ 
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grammes, and the other 400 : what will be the tension on the 
string" during the downward motion of the heavier box ? 

^wjw^r.— We have here a moving force equal to 200x981, 
and a mass equal to 1,000 ; hence the velocity acquired in one 
second will be 

—^ X 981 = i X 981. 

1,000 ZT- o =r 

The heavier mass (or 600 grammes) will therefore have attained 
this velocity at the end of one second, whereas, if left to itself, 
it would have attained through gravity a velocity equal to 981, 
or five times as much. There must, therefore, have been 
acting upon it a force opposed to gravity, and representing 
the tension of the string, which has generated in one second 
an upward velocity of 981 x f . Now this is a force equal to 
four fifths of that gravity, and hence the tension on the string 
will be equal to four fifths of the weight of the body ; that is 
to say, it will be 600 x f = 480 grammes. 

Example II. — A body is projected vertically upwards with a 
velocity equal to 1,962 cm. per second : what will be its velocity 
after it has risen 1471*5 cm. ? 

Answer. — We see from Art. 45 that a body projected upwards 
with the velocity of 1,962 will rise 1,962 cm. before it begins to 
descend. W^hen it has risen 1,471 '5 cm., it will therefore have 
sufficient velocity left to carry it up 490*5 cm. more. But by 
Art. 45 we see also that a body having the upward velocity of 
981 cm. will rise 490*5 cm. in height. Hence the body in this 
example, which has risen 1471*5 cm. in height, will then be 
moving upwards with the velocity of 981 cm., since that 
velocity will suffice to carry it up 490*5 cm. more. 

Let us now briefly recapitulate the facts connected with the 
action of gravity at the earth's surface. 

(A) A body, falling from rest under the influence of gravity, 
attains a velocity of 981 cm. per second at the end of the first 
second of descent, of 981 X 2 or 1,962 at the end of the second 
second, and so on, the velocity acquired being proportional to 
the time, or v =■ gt, 

(B) The body will have fallen through 490*5 cm. at the end 
of the first second, through 1,962 at the end of the second 
second, through 4,414*5 at the end of the third second, and so 
on, the space passed over varying as the square of the time, 

ors = ^^. 
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(C) If a body be projected upwards with any velocity, it 
will rise to such a height that when it falls again from this 
height it will, when it reaches the ground, have acquired, under 
the influence of gravity, during its descent a velocity equal but 
opposite to that with which it started on its upward journey, 
orz/- = 2gs, 

Lesson IX.— Centre of Gravity, etc. 

4>7. Definition of Centre of Gravity. — In a former 
chapter (Art. 30) it was seen that if two or more parallel pres- 
sures act upon a rod, and if a fulcrum or point of application 
of resistance be so chosen in the rod that the moments of the 
forces on the one side of the fulcrum equal those on the other 
side, there will be equilibrium. Now let us suppose that we 
have a set of downward pressures 'represented by heavy 
weights attached to such a rod, and that the system is mov- 
able round an axis or fulcrum, such that the moments of the 
weights on the one side shall be equal to those on the other, 
there will in such a case be no tendency to rotation round the 
axis, but the system will balance in every position. 

An obvious application of this principle is to heavy bodies 
of various shapes. Take for instance a uniform circular 
plate. Each particle of this plate is attracted to the earth 
by virtue of gravity, and the attractions on the various par- 
ticles form a system of parallel forces, which will obviously 
balance round the centre of the plate. 

In like manner a rectangular plate will balance round the 
point which constitutes the intersection of its diagonals ; in 
fact there is some point in every heavy substance about which 
it will balance. This point is called the centre of gravity of 
the substance. 

AS, Experimental Method of finding the Centre of 
Ghravity. — The following is a simple practical way of finding 
the position of this point. Suppose for instance (see Figs. 15 
and 16) that we take a heavy plate of irregular outline, but 
plane surface, and suspend it by a string. It is evident that 
it will not hang as in Fig. 15, but rather as in Fig. 16. 

The whole weight of the substance may be supposed to be 
concentrated in its centre of gravity, and if this point In 
supported there will be equilibrium. 

Therefore when a heavy plate is hung b^^ a^ s\xvc\%; ^s^ 
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above, it is clear that it will place itself in such a position 
that the centre of gravity will be vertically under the •string', 
for we then have the whole weight of the body acting verti- 
cally downwards from its centre of gravity, and the tension 
of the string acting vertically upwards, and both forces, in 
the same line, so that they will neutralize one another. Now 
draw on the heavy plate a line B D in prolongation of this 
string (Fig, 16). This line will evidently pass through the 
centre of gravity of the plate, although we do not yet know 





what precise point in it constitutes this centre of gravity. 
Let us, however, next suspend the same plate by another 
point, c, and mark, as before, on the plate the prolong^ation, 
c E, of the string by which it is suspended. This line must 
likewise contain in it the centre of gravity of the plate. 

We have thus got two separate lines, b d and c E, each 
containing the centre of gravity of the plate, which can 
therefore only be at the point G where these two lines inter- 
sect one another. 

4>9. Practical Illustrations. — In the first place, if we have 
a heavy solid resting upon a base slanting-wise, how shall we 
know that it will not topple over ? 

We answer — It will remain stable so long as a vertical line, 
drawn from the centre of gravity G, shaU VivVV wlthlu the base, 



LESS. IX 



THE FORCES OF NATURE 



6i 



as it does for the lower solid in Fig. 17 ; for then the weight of 
the body, acting downwards, is neutralized by the resistance 
of the support. But if the solid be so high or so slanting that 
this line falls without the base, then it will topple over, and 
this will be the case for the large solid A B c D (Fig. 17). 

50. Stable and Unstable Sqnilibrinm. — We have said 
that there will be equilibrium when the centre of gravity is 
supported ; but this equilibrium may be of two kinds, stable or 

unstable. 

When a body is in stable equilibrium, and a displacement 
takes place, it shows a tendency to recover its former position. 
But when a body is in unstable 
equilibrium, if it be displaced it 
shows a tendency to depart far- 
ther and farther from its original 
position. 

Thus, for example, an q.%% is 
in stable equilibrium when rest- 
ing on an extremity of its shorter 
axis ; and if a slight displace- 
ment be given to it, it recovers 
its former position. But it is in 
unstable equilibrium if standing on its longer axis — that is 
to say, on its end ; for even if we succeed in making it stand 
thus, the very smallest displacement will cause it to topple 
over. 

When we examine into the subject, we find a very simple 
law determining whether an equilibrium shall be stable or 
unstable. If a displacement tends to raise the centre of' 
gravity, the equilibrium is stable ; and if it tends to lower it, 
the equilibrium is unstable. 

For since we may suppose the whole weight of the body to 
be concentrated in its centre of gravity, raising this centre 
simply means raising the body itself against the action of 
gravity, and therefore implies an effort ; inasmuch as the 
force of gravity will resist the raising of any substance verti- 
cally upwards ; there will, therefore, be a tendency in the 
body to resume jts former low position. 

On the other hand, if a displacement lowers the eev\tce o.^ 
gravity, it is the same thing as lowering tVve >aod^ , ^tvdi swOc^. 
a displacement will be favoured and increased Vj-^ VVve ^Olxovv 
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of gravity, and not resisted as in the former case. Thus when 
an egg rests on its smaller axis, its centre of gravity is as low 
as it can possibly be, and any displacement lengthwise tends 
to raise this centre of gravity. Such a displacement is there- 
fore resisted, and the eggt after several oscillations in conse- 
quence of the displacement, will ultimately recover its former 
position, just as a pendulum after a displacement ultimately 
assumes its position of verticality. But not so if the egg 
stands on its larger axis, for in such a position the centre of 
gravity is as high as it can possibly be. A displacement here 
tends to bring the centre of gravity, and therefore the whole 
mass of the egg itself, nearer to the earth's centre, and is 




s 




Frc. 17a. 



Fig. 17*. 



therefore favoured by the force of gravitation. The egg will 
therefore be in an unstable equilibrium, and the smallest touch 
will make it topple over. 

This is well illustrated by the simple apparatus shown in 
Figs. lya and lyd. A wooden rectangular block has an axis 
near one end. When displaced from the position of rest it will 
bring its centre of gravity s' into the lowest position. 

Besides the two kinds of equilibrium to which we have 
alluded, there is that of neutral or indifferent equilibrium, such 
as that of a sphere resting upon a horizontal plane. 

Here, if a displacement occurs, the centre of gravity is 
neither raised nor lowered, but remains always at a height 
above the plane equal to the radius of the sphere, and in con- 
sequence the sphere will rest with indifference on any part of 
its surface, showing no tendency to prefer one point above 
another. Thus in the case of Fig. i*ji , smce VVve axis i^asses 
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through the centre of gravity, the rectangle will remain equally 
at rest, whether in the position AB or CD, 

We have here an explanation of the principle of construction 
of those toys which, with the appearance of being top-heavy, 
are nevertheless so weighted beneath that the centre of gravity 
is raised, and not lowered, by displacement ; the consequence 
is that when displaced they oscillate backwards and forwards 
until ultimately they regain the position 
from which they were removed. 

51. Further Examples. ^^h .. v 

Example I, — A cone is placed on its ^^^ ^. 

apex on a flat horizontal surface : will 
the equilibrium be stable or unstable ? 

Answer, — Unstable. 

Example II. — A uniformly heavy cir- 
cular wooden disc has a piece of its 
substance taken out, and a piece of lead 
inserted instead. In what position will 
it rest on a flat horizontal surface? Fig. 17c. 

Answer. — It will rest so that the lead 
will be below the centre of the disc and in the vertical line 
joining^ it and the point on which the disc rests. For the 
centre of gravity of the whole heavy disc, including the lead, 
will in this case be as low as possible, and any displacement 
will tend to raise it, and will therefore be resisted by the action 
of gravity. 

Example III. — How will a man rising in a boat aflect its 
stability ? 

Answer.— It will make it more unstable, because it will raise 
the centre of gravity of the system, so that an oscillation would 
now be more ready to swamp the boat than if its centre oi 
gravity were low. 

Example IV. — In like manner a cart loaded with hay is more 
liable to be overturned, owing to irregularities in the road, 
than one loaded with lead, because in the former case the 
centre of gravity of the system is high, and a comparatively 
small angular displacement, due to want of level in the road, 
such that the one side is higher than the other, may bring this 
centre of g^vity into such a position that a line drawn verti- 
cally downwards from it shall pass wilhoul XVve viVv^v^^ 'vcv 
which case the system will topple over. 
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5&. Principle of the Balance.— Let us now say a few words 
about the balance. This important instrument consists of a 
lever, having equal arms on either side of a knife edge upon 
which it rests (Fig. 18). 

From the extremities of these arms the scale-pans are sus- 
pended, and a pointer attached to the balance points vertically 
downwards when there are equal weights in the two scale- 
pans ; but should the left-hand weight predominate, the pointer 
will be deflected to the right, and vice versd. 

Let us begin by supposing that there is no weight in either 




Fig. 18. 

scale-pan. The balance is so arranged that its centre of gravity 
is raised somewhat by displacement, so that, if displaced under 
these circumstances, it will come back to its original position. 
If the balance be very delicate, this force tending to bring it 
back is a very small one, so that a very small additional weight 
in one scale-pan will push the pointer aside a considerable 
distance before it is counteracted by this force. If, for 
instance, the one scale-pan be a milligramme heavier than the 
other, the pointer may be pushed aside one division before the 
force of restitution is sufficient to overcome the additional 
pressure of the milligramme. If the additional weight be two 
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-ammes, the poinler vdll now be pushed aside two 
lis, and so on. A sensitive balance enables us to ascer- 
ith great exactness the weig;ht of any substance ; for we 
mly lo put the substance to be weig-hed in the one scale- 
ad such a number of standard Weig-hts in the other, as to 
the pointer to point vertically downwards, when we may 
i that we have ascertained 
■igltt of the substance with 
Teat exactness ; for were 
le scale-pan the smallest 
; heavier than the other 
lid cause an appreciable 
:ion of the pointer either 
: one side or the other. 
I be in- 



gravity. 

ATplleatloii at the Fen 

., — The pendulum has 
Ircady alluded to (Art. 34) 
-neans of measuring tht 
>f gravity by the rapidity 
iscillations. Thus we find 
e same pendulum vibrates 
'hat slower at the equator 
ear the pole, and hence 
iclude that the force of 
f is slightly less at the 
r than at the pole. This 

sBult, in part at least, of no. 19. 

ct that, owing to the 

!-like shape of the earth, a particle at the pole is really 
the earth's centre than one at the equator. Again, the 
lendulum will vibrate somewhat more slowly at the top 
ounlain than at its base, because the force of gravity is 
hat smaller at the former position than it is at the latter 
to increased distance from the centre of the earth. 
the most frequent use of the pendulum is to regulate 
, and the mode in which it is applied for th\s p>^t'^i;i%e> v^ 
ed in Fig. ig, where b denotes the bob ot bea-N^ ^ax\ lA 
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the pendulum. This pendulum in its oscillations moves back- 
wards and forwards an escapement, c, terminated by two pallets 
which act upon the teeth of the escapement wheel, so that at 
each oscillation one tooth is allowed to escape, and thus the 
wheel moves round one tooth at a time. If it were not for 
this connexion of the escapement wheel with the pendulum, 
the effect of the weight, w, would be to make it move rapidly 
round until all the cord which is wrapped round its axis is 
uncoiled by the lowering of the weight. Thus the pendulum 
regelates the clock. The length of the seconds pendulum — that 
is to say, of the pendulum which vibrates from one of its extreme 
positions to the other once in a second — is very nearly one 
metre, and its time of oscillation is the same whether it makes 
small or very small swings. 

This property of the pendulum is called its isochronism, and 
was first discovered by Galileo, who noticed that *a lamp swung 
by a chain in a cathedral performed its oscillations in equal 
times without respect to their extent. 

The time of oscillation of the pendulum will, however, be 
altered by altering its length. Thus, if it be four times as 
long, its time of oscillation will be doubled ; if it be only 
one fourth as long, its time of oscillation will be halved ; if 
it be one ninth as long, its time will be reduced to one third, 
and so on, the time of oscillation varying as the square root of 
tlu length. 

If ive denote by / the length of a seconds pendulum by 
Art. 34, we have 

^=9-87/ 
In the following table the value of g and / at various places 
is given. 

Table No. 5.— Showing the Value of g and the Length 
OF THE Seconds Pendulum at Various Places. 

Place. Value of g. Value of /. 

Equator 978*10 99'i03 

Latitude 45' 980*61 99*356 

Munich 980*88 99'384 

Paris 980*94 99*390 

Greenwich 981*17 99*4^3 

GdttJngen 981 17 99*4H 
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Place. Value of ^, Value of /. 

Berlin 981*25 99*422 

Dublin 981*32 99*4^9 

Manchester 981*34 99*43® 

Belfast 981*43 99*440 

Edinburgh 981*54 99*45^ 

Aberdeen 981*64 99*4^1 

Pole 983*11 99*6io 



Lesson X. — Forces exhibited in Solids. 

. In the present chapter we propose to discuss mole- 
and atomic forces, as they are exhibited in the three 
{ of matter — solid, liquid, and gaseous. Let us, in the 
place, briefly describe the most prominent varieties of 
forces. 

! have, in the first place, cohesion, adhesion, and che- 

affinity, which are attractive forces ; and in the next 

we have those forces which resist any change of shape 

lume in solids, and any change of volume in liquids and 

J. 

besion denotes the attraction which the various mole- 
of the same substance have for one another, and in 
i of which the various particles of solids and liquids 
together. 

i may use the word adhesion to denote the attraction 
ed between particles of two different bodies when placed 
mtact with one another. On the other hand, when 
:les of different bodies have such an attraction for each 
as to rush together and form a substance of a differ- 
hemical nature, then we have the operation of chemical 
tj. 

us we should characterize that force which holds 
her the various particles of a piece of glass as the force 
•hesion ; but that force which causes a film of water to 
to a surface of glass we should denominate adhesion, 
again that force which causes sulphuric acid and lime 
brought together to unite in order to form sulphate of 
we should term chemical affinity. 

-ves tending: to alter the shape of a soWd bod^ rcva.>j \i^ 

Y 2 
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applied to it in several different ways, each of which will be 
resisted by the body itself. Thus a thick metal wire, having 
one end fixed and a weight suspended from the other, will 
resist a force tending* to twist the weight round ; this is called 
resistance to torsion.. Or, again, a thick rod of metal will 
resist any force tending to pull its particles apart ; this is 
termed resistance to linear extension. And it will also resist 
any force tending to crush its particles together, and this is 
called resistance to linear compression. 

Besides resisting deformation in these different ways, a 
solid bar, as for instance a bar of steel, will resist a force 
tending to bend it, thus exhibiting resistance to flexure. 

Finally, it will resist any force tending to make its whole 
volume less, which we may term resistance to cubical com- 
pression. 

We may exemplify this by a thick cylinder of india-rubber. 
A comparatively slight force will extend this cylinder or 
compress it in the direction of its length ; but when the 
cylinder is extended it becomes attenuated as regards its 
thickness, and when it is compressed it bulges out. We 
cannot therefore immediately deduce the cubical compressi- 
bility of india-rubber from such experiments, or assert how far 
the substance will yield to a force which tends to compress it 
in one direction without permitting it to bulge out in another. 

We have therefore — 

( 1 ) Resistance to linear extension ; 

(2) Resistance to linear compression ; 

(3) Resistance to cubical compression ; 

(4) Resistance to torsion ; 

(5) Resistance to flexure ; 

all denoting various forces exhibited by solids, and the only 
one of these that is also exhibited by liquids and gases is the 
third, or resistance to cubical compression. 

54a. Stress and Strain. — In treating of this subject, a 
change in the size or shape of a body is called a strain, while 
the force in the interior of the body producing this is called a 
stress, and inasmuch as the displacements now considered 
are small, the strains produced are proportional to the stresses 
producing them. 
If the solid body under consideration be imotTOv^c — that is 
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to say, if it have the same properties in all directions, then, 
while its elastic qualities are practically represented under the 
five heads already g^ven, in theory, these may be fully deter- 
mined by two coefficients known as those oli elasticity of volume 
and simple rigidity. 

Elasticity of volume is measured by the amount of force per 
unit area applied to the body to compress it (after the manner 
of a fluid pressure) divided by the diminution in bulk per unit 
of volume which this produces. Here we have a chang^e of 
volume, but no change of shape. 

Thus if the original volume be V which diminishes by an 
amount v on the pressure P being* applied, and a is the area 
submitted to pressure, then — 

- = The Stress 
a 

V 

^ = The Strain 

and 

P /z/ 



- / - = Elasticity of Volume. 
a/ V 



Denoting elasticity of volume by /', we have therefore 

/• = ?^ 

av 

In simple rigidity we have a change either of shape or of 
the relative position of particles, but not of volume, and this 
property of solids is exhibited very clearly in the torsion of a 
cylindrical rod in which the relative position of particles is 
altered, while the volume remains the same. Linear exten- 
sion, linear compression, and flexure are in reality complicated 
cases involving the action of elasticity of volume, as well as 
that of simple rigidity. 

54b. Friction. — If we put a heavy weight Q on the table 
(see Fig. 19^) it will require a very strong force P to move 
it along. But if the table were of marble and not of wood, 
then . a much less force would make the weight slide along, 
while 'if the weight were on a sheet of ice it would move with 
a still smaller force. This resistance which the Yve^LN-^ vaev^oN. 
offers to our efforts to push it along is caWed ?r\cVAOtv, 
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As long as the surface of the heavy weight in contact with 
the table remains the same, the force requisite to move it will 
be proportional to the weight itself, and this force or pressure 
required to move the weight divided by the weight itself ex- 
presses what is called the coefficient of friction for these particular 




Fig. x^a. 

touching surfaces. The precise meaning of this term will be 
best understood from the following examples : — 



Example /. — A train weighing loo tons requires a force equal 
to the weight of 800 lbs. to move it. What is the coefficient 
of friction ? 

If we denote by /* the required coefficient, then 



/* =- 



force 



800 



weight 100 X 2,240 



I 
2'8o* 



Example II, — The coefficient of friction on a macadam road 

is -jV : what pull in pounds must a horse exert in drawing a 

load of 4 tons ? 

c« force 

Since II = — ^—~ 

weight 
force = fi X weight 

_ I 

~ 50 X 4 X 2,240 

= 179*2 lbs. 

It follows as a corollary from what has now been said, that 

while the pressure remains the same, the friction has no 

relation to the magnitude of the surface. For if we suppose a 

plate of iron equal to four square inches and weighing four 

pounds, to rest upon a surface of marble or stone, and if we 



LESS. X THE FORCES OF NATURE 71 

imagine it cut up into four squares of one inch each, then, 
evidently, the friction of one of these squares will be one fourth of 
the friction of the whole ; but if now we take up three squares 
and pile them on the fourth, it is evident that the pressure on 
the fourth square will now be increased fourfold, and hence the 
friction will be increased fourfold also. It will therefore be 
the same as the friction of the original surface before it was 
cut up ; or, in other words, the friction of a fourfold weight 
resting on a base of one square inch is the same as if it rested 
upon a base of four square inches. 

What we have now said only holds approximately, for in 
some cases the friction is not strictly independent of the surface. 
Rennie has made some valuable experiments on this subject, 
and has derived the following laws : — 

(i) In fibrous substances such as cloth, friction is increased 
by surface and time, and diminished by pressure and velocity. 
(2) In harder substances, such as woods, metals, and stones, 
the friction varies directly as the pressure, without regard to 
surface, time, or velocity. (3) Friction is greatest with soft, 
and least with hard substances. 

The application of grease in general diminishes the friction. 
In engines, for instance, the friction is very much diminished 
by means of grease. 

55. Crystallized Stracturd. — With these preliminary re- 
marks let us now consider the properties and forces of solids. 
When a solid is formed slowly and without agitation, its 
particles usually arrange themselves so as to produce bodies 
of a definite and regular form, which are called crystals. Thus 
when small particles of water slowly freeze in a calm atmo- 
sphere, they form crystals of snow of beautiful symmetry and 
shape. 

The crystallization of salts from solutions is of frequent 
occurrence, and in Nature we have crystals of great value, 
which cannot as yet be formed artificially, as for instance the 
diamond and the emerald. 

Very often in crystals the various forces and properties are 
different in different directions. Thus if we prepare a long- 
shaped block or rod out of a crystal of Iceland spar, it will 
behave itself differently in many respects, according as its 
length is in the direction of the axis of cryslaWviaLXAOtv, w ycv ;a. 
direction at ng-ht angles to it. 
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56. Fibrous and Itaminated Btmctare. — Some solids 
especially ^those which compose organized bodies, have ; 
fibrous structure. This is exemplified in wood, and in man; 
vegetable products, such as flax. It is very difficult to breal 
such a fibre as regards its length, but it is very easy to separat 
two contiguous fibres from each other. Wood, for instance 
very easily splits along the fibre, but not at all easily across it 
Again, certain artificial substances, by the processes to whic! 
they have been subjected, acquire a fibrous structure ; thu 
wrought iron has acquired such by the process used in makinj 
it. Mica, oyster-shells, &c., are examples of bodies possessini 
a laminated structure, and the same remark that applied t 
fibrous bodies applies also to these ; mica, for instance, can b 
split very easily in one direction, but not in another. 

57. Solids without Structure. — Many solids exhibit n 
apparent trace of structure ; glass is a familiar instance of 
body of this kind, and sealing-wax is another. In many case 
a solid, when first produced, exhibits no appearance < 
crystallization ; but afterwards, through time and vibratioi 
the particles assume a definite structure. Thus after a cannc 
has been fired a great number of times its texture change: 
and it becomes liable to burst. It would seem that th 
crystallized structure is the most natural one, and that th 
particles of a body have a natural tendency to assume th 
condition whenever circumstances permit of their doing so. 

58. Cohesion in Solids. — Cohesion, as we have said, ; 
the general name for that force in virtue of which the varioi 
particles or molecules of a body are kept together, and witl 
out which everything would fall into a state of powder. It ; 
therefore a force tending to prevent disintegration of th 
body. When the force tending to rupture a body is on 
directly pulling its particles asunder, the resistance which 
offers to this is termed its tenacity. When the tenacity < 
bodies is to be experimented upon, they are generally draw 
out into prismatic wires, the cross section of which is capabl 
of being accurately measured, and being supported at on 
end, a weight is applied to the other. In such cases it i 
found that the breaking weight is proportional to the cross sectioi 
Thus, suppose the cross section is one square millimetre, an 
the breaking weight lo kilogrammes, if the cross section b 

2 square millimetres the breaking -weigVvl V\\\ be ao kiU 



LESS. X THE FORCES OF NATURE 73 

^ammes, and so on. The tenacity may therefore be measured 
by the weight necessary to break a prism of g^iven section, 
say one square millimetre. 

Expressing- these statements in the form of a formula, we 
say 



T=P 



a 



where 



T is the tenacity, 

P the breaking force in dynes, 

a the area of cross section in cms. 

Now since P = Mg (by Art. 35) where 

P is the force in dynes, 
M the mass in grammes, 
g the value of gravity, 



then 



_M,- 



T = 

a 



It is however often more convenient to express the tenacity 
in kilogrammes per sq. cm. or sq. mm. 

Example I. — Find the tenacity of a specimen of iron, when a 
wire of it 3 mm. in diameter is broken by a weight of 460 kg. 

a 
__ 460,000 

*"7854x(-3)' 

= '65 X 10^ gms. per square cm. 

= •65 X 10^ X 981 dynes per square cm. 

Example II.— Find the breaking load for a copper wire 2*5 
mm. in diameter if the tenacity is '41 x 10^ gms. per sq. cm. 

P = aT 

= (•25)2 X 7854 X '41 X 10" 
— 201 '2 kg. 

Time is, however, an element in all such experiments ; thus 
a substance may endure for a short time a weight which if 
applied during a long time would be sufficient lo btea>s.\\.. 

Werthei/71 has made many experiments on the tet\acc\\.>j Q.S. 
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various metals drawn into threads one millimetre in diameter, 
and he finds the following results : — 

Table No. 6. —Tenacity of Metals. 

Slow rupture. Sudden rupture. 

Lead drawn 2''*o7 2^'^ 

y, annealed 1*80 2*04 

Tin drawn 2*45 2*94 

,, annealed 1*70 3*57 

Gold drawn 27*00 28*40 

,, annealed 10*08 11*10 

Silver drawn 29*00 29*60 

,, annealed 16*02 16*50 

Zinc drawn 12*80 iS*77 

,, annealed — 14*40 

Copper drawn 40*30 41*00 

,, annealed 30*54 31*55 

Platinum drawn 34'io 35'oo 

,, annealed 23*50 27*70 

Iron drawn 61*10 65*10 

,, annealed 46*88 50*25 

Steel thread drawn 70*00 99*10 

annealed .... 40*00 . 53*90 



»» 



From this table it will be seen that in all cases the breaking 
force for sudden rupture is greater than for slow rupture, thus 
confirming- the remark made about the effect of time. 

Wood, as may be imagined, requires a much larger force to 
break it in the direction of the fibre than in any other, and 
the results of some experiments of Musschenbroeck give the 
following breaking weights in kilogrammes for prisms of 
different kinds of wood, of which the section is one square 
millimetre : — 

Table No. 7.— Tenacity of Wood. 

Kilogrammes. 

Oak 6 to 8 

Aspen 6 to 7 

Fir 8 to 9 

Ash 12 

EJm 10*40 



Beech . . . 
Box . . ' . 
Pear-tree . . 


Kilogrammes. 
.... 
.... 14 
.... 


Mahogany . 


... 5 
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But all bodies do not suddenly g^ve way unoer a force 
tending' to pull their particles asunder. When the force is 
Icmg continued the body often gradually changes shape, 
becoming always weaker and weaker until it yields. Some- 
times this change of shape is very perceptible, and the 
body, by means of the applied weight, is drawn out into a 
thread. 

59. Ductllitj denotes that property of bodies in \'irtue of 
which they permanently change their form under the applica- 
ticm of stretching force. Thus a piece of wax, at a tolerably 
high temperature, is very ductile, and may easily be drawn 
out into a thread ; and at a high temperature a piece of 
g^ass is the same. On the other hand, it requires a very 
great force to pull a piece of iron or steel into a long thin 
wire. 

•O. Malleability is a modification of ductility. Some 
bodies do not stand being drawn out into very fine ivires, but 
they may be hammered into very thin plates. Gold is the 
most malleable metal, and it has been beaten into leaves the 
thickness of which is only *oooo8 of a millimetre. 

61. Brittleness. — Disintegration may be accomplished in 
many ways ; for instance, by a sudden blow, and some bodies 
are particularly liable to be fractured by this means, in which 
case they are said to be brittle. Glass is an example of a body 
of this kind. Thus, in some respects, a sheet of glass, 
although stronger than a sheet of paper or cardboard, in 
re^sting a pressure evenly applied, will yet be fractured by 
a blow which will not affect the paper. Disintegration may 
also take place by scratching the surface of a body. 

•a. Hardness, in the language of mineralogists, is that 
property in virtue of which a body resists the action of another 
tending to scratch its surface. 

Therefore, if we have three bodies, A, B, and c, of which 
A can scratch B, and b can scratch c, we say that A is harder 
than B, and B harder than c. 

The diamond is the hardest of all known substances, and 
when a gem of this nature is to be cut, particles of diamond 
dust must be used in the operation. 

Hardness is not capable of exact numerical estimatlotv^ b>\\. 
a scale has been adopted by means of wVucVv VVve Tc^aXvN^ 
hardness of any substance may be easily found. 
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following- is the scale generally used : — 




Table No. 


8.— Scale 


OF 


Hardness. 


I. 


Talc. 




6. 


Felspar. 


2. 


Rock Salt. 




7- 


Quartz. 


3- 


Calc Spar. 




8. 


Topaz. 


4- 


Fluor Spar. 




9- 


Corundum. 


5- 


Apatite. 




lO. 


Diamond. 



Thus, suppose a body scratches calc spar, but not fluorspar, 
its hardness will be between 3 and 4, and so on. 

63. Temper. — The hardness of a body may be made to 
vary according to the treatment which it receives. Thus if a 
piece of steel be heated to a high temperature, and suddenly 
cooled, it becomes very hard ; this is called temperinif the 
steel. Generally the particles of bodies which are suddenly 
cooled are in a state of constraint, and the body is very apt to 
break ; for instance, glass which is suddenly cooled is much 
more apt to break than that which is cooled slowly or annealedj 
as this operation of slow cooling is called ; and if the surface of 
a vessel of unannealed glass be scratched, the whole vessel 
will probably fall to pieces. 

Prince Rupert's drops are small drops of glass, cooled by 
being dropped when in a melted state into water, and in these 
the interior is in such constraint that when broken the whole 
structure goes to pieces with an explosion. There are also 
philosophical toys, consisting of thick glass vessels which will 
stand a strong blow, but go to pieces when a morsel of flint 
is allowed to scratch their surface. 

64. Elasticity. — We have hitherto concerned ourselves 
with forces tending to disintegrate solids. All forces, however, 
do not produce this result ; but provided the force applied to a 
solid be not too great, the solid, when the force is withdrawn, 
will exactly recover its previous figure. There is, in fact, a 
limit within which a solid may be temporarily acted upon with 
the certainty of its recovering its figure when the force is 
withdrawn, and this limit is called the limit of perfect eUuiti- 
city, the word elasticity denoting tendency to recovery. 

When this limit is overpassed the body does not recover 
itself, but becomes weaker and weaker, until at length it yields 
to the applied pressure. 

Therefore, in making a solid structure, suc\v bls a brld^, it 
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must be made bo strong: that the greatest possible load which 
it has to bear shall deform it much within the limit of perfect 
elasticity. 

Let us now consider shortly Ihe forces in a solid which resist 
displacement of its particles, all being within Ihe limit of 
perfect recovery. 

09. Force r«»tstlnt Untar ExtenBton. — Suppose that we 
use a vertical rod or wire a b (Fig. rg^} one millimetre square 
and one metre in length, and apply a weight at the lower end, 
the rod being fixed at the other. Suppose that we take as 
our unit of force the weight of one 
kilogramme, and that it increases the 
]ei^;th of the rod say by 01 mm. If 
the weight be two kilogrammes, this 
increment of length will be doubled and 
become oa mm., and so on ; the elen- 
gatien sr increment of length being propor- 
tional Is the Tveighl or forte appliid. This 
is the first law. 

In the next place, Ihe elongation is 
froperlional lo the whole length of Ihe rod ; 
for if the rod he very short it will ob- 
viously require a much greater pulling 
asunder of the particles, and conse- 
quently a much greater force to 
lengthen it by a dehnite amount than 
if it is long : hence the above law ; 
so that, had the above-mentioned rod Fig. 19*. 

been two metres long, its elongation 
under the pulling force of one kilogramme would have been 

Thirdly, the elongation caused by a given weight or force is in- 
versely proportional lo Ihe cross section. If for instance the cross 
section be two square millimetres, it will require a double 
force, or Iwo kilogrammes, to produce 
'Ol mm. 1 if the section be three square r 
require three kilogrammes, and so on ; so (hat the e 
produced by a single kilogramme will be only one half when Ihe 
cross section is doubled, and only one third when it is tripled', 
(hat is to say, it will vary inversely as the cross sec\\on. 

00. Fore* rfimtlag Un<u- CoBapTSamlOd. — It \» •iX^caV. 
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to avoid flexure in compressing^ a rod, but when the < 
ment is properly made it will be found that a rod will 
much compressed under the operation of a force as it 
be extended under the operation of the same force app! 
the opposite direction. 

66a. Youngr's Modulus. — The laws which we have 
enable us to measure accurately the force with which a 
resists linear extension or compression. Thus if we si 
by one end a rod of any lengthy having a square millim< 
cross section, and apply the weight of one kilogramme 
lower extremity, we shall find that it will be stretched 
certain small proportion of its whole lengthy this proportior 
the same for different lengths, but differing, however, n 
nature of the substance. 

The following table, derived from the experiments ol 
theim made at temperatures between 15° and 20° C, 
this extension in fractional parts of the whole length 
rod for various metals : — 

Table No. 9. — Extension of Various Metals. 

Lead r^V^ 

Gold insW 

Silver -rttis 

Copper T^rfnr 

Platinum Tyiy? 

Iron uttIti 

Steel TtJsTk 

Thus we see that a rod of gold of one square millimi 
section will be extended -s^\ of its whole length by the 1 
of one kilogframme, and so on. 

The best method of expressing these results will b« 
the aid of the coefficient of elasticity called Youngr's Moi 
which may be defined as follows : 

_ Stress 
"" Strain 

_ Stretching force per unit area 
Stretching per unit length 

= ?v^ 

//L 

_ 5Ji 
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where F is the stretchings force 

a the area of cross section 
/ the amount of stretching 
L the origrinai length 

Thus from Wertheim's results expressed above we can cal- 
culate Young's Modulus for Copper as below — 

M = l22_l°Si9 = 105 iQ in kilo-millimetre units. 
iX I 

67. Force resistingr Torsion. — Let a thread be suspended 
as in Fig. 20, and a weight be attached the other end of the 
thread, having a pointer 
which moves over a dial- 
plate recording angular 
measure. If left to itself, 
the pointer will settle in 
some particular direction. 
If now the pointer be 
twisted round, this opera- 
tion will be resisted by 
the thread, and the force 
which exercises this resist- 
ance is called the force 
resisting torsion. 

It has been found that 
the force resisting torsion is 
proportional to the angle 
through which the pointer is 
twisted; thus, if the pointer 

be twisted 90° from its point of rest, the force tending to bring 
it back will be only one half of what it would be were it twisted 
180", or one fourth of what it would be were it twisted 360' 
or a whole turn. 

In the next place, the force resisting torsion varies inversely as 
the length of the thread ; that is to say, if the thread be doubled 
in length it is only half as gfreat, if it be tripled in length only 
one third as great, and so on. 

Finally, it is proportional to the fourth power of the diameter of 
the thread. Thus, if the diameter of the thread be dou>D\e<\> W 
will be increase 2 X z X z X 2 = 16 times •, atvA \^ N>cv^ 




Fig. 



^o 
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diameter be tripled, it will be increased 3X3X3X3 = 8i 
limes, and so on. 

The first law <^ torsion, or that which asseria that the force 
resisting toraon is proportional lo the angle through whidi 
the pointer is twisted, may be rendered evident by means of 
the apparatus exhibited in Pig. 20a. 

Here A B is an iron rod firmly fixed at A, and having the end 
B rigidly connected with (he pointer shown in the figure, and 
also with a wheel at B, but otherwise free to move. It follows 



r^^ 



irit59»?£: 



that the amount of twist of the end B will be shown by the 
pointer, which moves in front of a graduated dial. 

Now attach a five-pound weight to the chain which passes 
over the wheel at B ; this, by twisting the rod, will deflect the 
pointer, let us say through One division. 

Next atlach a ten-pound weight, and it will be found that 
this will deflect the pointer through two divisions. 

Finally, attach both the ten- and the five-pound weights, or 
fifteen poundsin all, and this will be found to deflect the pointer 
through three divisions. 



ESS. K THE FORCES OF NATURE 8i 

In other words, the ang^ilar deflection will be proportional 
3 the weight. 

as. Re*lBtKncfl to Fle>nr«. — The force with which a solid 
>^9ts any attempt to bend it is made use of in a variety of 
rays. The main-spring of a watch, when coiled up, tends to 
ncoil itself from this cause, and the bow and the spring 
alance are other examples of the same. The laws of this 
>rce are best studied in the case of a beam fixed by one end 
ito a wall, and loaded at the other extremity (Fig. 21). 
Rupture will be produced when this load is excessively great, 
ut the limit mil depend upon the length, the breadth, and the 
lickness of the beam. 

In the first place, the force nscenary to product rupture of a beam 
jUJ vary inversely as the length of the beam ; so that if we double 
lie length, a force of half the size will be sufficient, the reason 



>eing that it acts at a double leverage. Again, ihs forte 
lectssary te produce rupture will be proportional to the breadth; for 
f the beam be doubled in breadth, it will stand a force twice 
IS great ! and finally, iht breaking forte will vary as the square of 
he depth of a beam, so that If the beam be doubled in depth it- 
rill stand four times as great a force. Therefore in structures 
n which beams are heavily loaded, it is a much more advan- 
ageous use of the material to increase the depth than to 
ncrease the breadth of the beams. 

What we have now said refers to forces producing rupture \ 
nit it is often desirable to study the action on a beam of forces 
nuch less than those which rupture it. This is most con- 
/eniently done by measuring the vertical lowering of the 
iKtremity of the beam due to the applied force. 

Let a represent this lowering- of the extremily of Oi ^nsnva.'Ctc 
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beam of length /, and breadth b, and depth d, for a weight w, 
applied at its extremity. 

Then it is found, both as the result of theory and experi- 
ment, that 

b d^ 

or in other words, the depression of the extremity of a beam 
so loaded, is, in the first place, proportional to the load. 

In the next place, it is proportional to the cube of the length of 
the beam. 

Thirdly, it is inversely proportional to the breadth of the beam. 

And lastly, it is inversely proportional to the cube of the depth of 
the beam. 

Lesson XL — Forces exhibited in Liquids. 

69. Properties of Liquids. — Viewing adherence to shape 
as the essential characteristic of a solid, we come next to 
liquids, in which this property is almost entirely absent. In 
this class of bodies the particles slide along each other with 
very great freedom, and may easily be separated the one 
from the other. Cohesion is in their case very small, but yet 
it has not entirely disappeared, and it is only necessary to 
refer to drops of liquids as a proof that there is still a trace 
of cohesion in such bodies. 

Thus a drop of water, whether pendent from a surface to 
which it adheres, or rolling along a surface to which it does 
not adhere, or a globular drop of mercury, such as we fre- 
quently see, are all instances that cohesion has by no means 
entirely vanished in the case of liquids. 

■ All liquids are not equally endued with fluidity, and in many 
bodies an increase of temperature will produce a transition 
from the solid to the liquid state by imperceptible degrees. 
We have already instanced the case of sealing wax and glass- 
(Art. 59) as bodies which gradually change their state. 

When a substance is in an imperfect state of liquidity, it 
is said to be Tiscous, and we need only refer to treacle or 
honey as examples of viscous fluids. In all such bodies time 
is an element which we must consider. Thus, stir up the surface 
of a pot of honey or treacle, and it will ultimately right itself 
And become level ; but it will take ver^ much longer to do so 
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. Mmilar surface of water or alcohol i or again, at a 
"ature on)]' moderately high, support a long' stick of 
; wax horizontally by its extremities, and weight it 
f in the middle, and it will in the course of time be 
to be bent into a curved shape without the appearance 



Oompreaalon of UqtildB. 
jr no resistance to the 
tion of its particles, or to 
notion over one another, 
■a very great reaistance 
Fce tending to compress 
smaller volume. Thus if 
a hollow cylinder with 
and fit into it a water- 
ilunger, we shall not be 
> drive this down, or to 
■3S by its means the water 
;ylinder to an appreciable 

reat, in fact, is the reasl- 
) compres^on offered by 
, that for a long time these 

'le. It has, however, been 
>y means of very delicate 
nents made with a Piemo- 
(Fig. xia) that this is not 
se. The liquid operated 
rbulb and the stem of the 
tus A, which is then m- 
io the mercury contained 
base of the strong glass 
r. A glass tube contain 



-But while a liquid ofiers 




9 a pressure-gauge. 



The 



rcury is forced up the tube being read off by 
' the scale c, and then by Boyle's law (see Article 90), 
Msure can be calculated. The outer vessel is com- 
filled mth water with the help of the cup and ta^ a,t e^ 
snire applied by means of the screw P- T\ie a.YaQu.11.^. 
ireasioa can be read off on the divided s\env. \\.ia 
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found that for a pressure equal to one atmosphere, or 15 lbs. 
on every square inch of surface, mercury will become com- 
pressed about 0*000005 of its origfinal volume, water 0*00005, 
and ether 0*000133. ^^ *s hardly necessary to state that when 
the pressure is removed the liquid recovers its original volume. 
71. Equality of Pressure in all Directions. — This was a 
law of liquids discovered by Pascal, and it may be best seen 
in the case of a fluid uninfluenced by gravity. Its mode of 
action will be understood by reference to the annexed figure 
(Fig. 22), which is supposed to represent a hollow vessel con- 
taining water or any similar liquid, and having various cylin- 
drical apertures of equal size fitted with movable pistons. 




Fig. 



22. 




Now let a pressure, say of ten kilogrammes, be put on the 
uppermost piston, A ; this pressure will be transmitted by 
means of the particles of water, and will press out each of 
the various other pistons with a force in the direction of the 
arrow-heads, and equal to 10 kilogframmes, so that the force 
at A is transmitted by the fluid particles in all directions, 
causing on every portion of the surface, equal to that of the 
piston at A, a pressure perpendicular to the fluid surface, and 
equal to 10 kilogrammes. 

Let us see now what will happen if we vary the size of 
the different pistons. 

In Fig. 23 let the piston A have an area equal to one square 

centimetre, and the piston B an area of 100 square centimetres ; 

also let a pressure of 10 kilogrammes be applied to the piston 

A in a downward direction. From the above Xavj \\.>N\WCottow 
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that every square centimetre of the piston B will be pressed 
upwards with the force of 10 kilogframmes, because that is Che 
pressure on one square centimetre at A, and this pressure will 
by Pascal's law be transmitted in all directions. Now the 
iriston at B having- the area of loa square cenlimelres, there 
will be on the whole an upwardly acting: pressure at B equal to 
loO X 10, or 1,000 kilogrammes, and it will therefore lift this 

A fluid is therefore capable of formin); a very powerful 
mechanical arrangement ; for in the above machine the down- 
ward pressure of 10 Itilogrammes is made to raise [,000 kilo- 
giamntes, and, by increasing the proportion between the 
smaller and the lai^er 
piston, the mechanical 
advantage will be propor 
tionally increased. Thus, 
if the area of A were one 
square centimetre, and 
that of B 500 square cen- 
timetres, and if t 
pressed downwards by 10 
kik^^rammes as before, B 
would now be pressed up- 
wards by a pressure equal 
to 5,000 kilogrammes, 
which is a very great 

78. Brastah's Preaa 

Machines on this prmcipEe were mtroduced by Bramah, 
who made the force with which the largi, piblon is moved 
upwards of service in pressing materiils together This 
contrivance is known as the hjdrauiic press, or Bramab s 
press, and is much used in many of the arts Uool and 
nmilar materials are pressed together into small bulk by 
means of this machine Fig 13^ explains the principle of con- 
struction. Water is pumped from the vessel A on raising the 
piston s, and forced into the larger cylinder x when the piston 
is depressed, the arrangement of the two valves allowing this 
to be done repeatedly with each up and down moVvon eft \^«. 
piston. Hence the piston I is urged upwards v-ilVi a. ^ressiKC 
wUch may be calculated as ^own in the pr«V>o\ia ixvtvcXB, 
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Example, — If the larger cylinder is loo times the area of the 
smaller, calculate the upward pressure if a force of loo lbs. be 
applied to s. 

Answer, — loo x loo _ . .^ ^^^g nearly. 

2,240 

73. Equilibriam of Liquids. — In what has preceded we 
have considered the liquid as closely shut in on all sides, 
and merely serving as a vehicle for transmitting pressure. 
Let us now take the case of a liquid in an open vessel, and 
find what will be the form of its surface. Suppose, for in- 
stance, that we have an open vessel (Fig. 24) containing water, 
and that this vessel is set on the surface of the earth. 

Now, as every particle of a liquid is free to move, it follows 
that when at rest there must be no excess of pressure urging 

the particle in any one direction, 
but every pressure must be coun- 
terbalanced by an equal and 
opposite pressure. Suppose now 
that under the action of gravity 
the surface of the water were 
to rest in an inclined position, 
AB, it is clear that there is a 
considerable weight of water 
above a particle, D, towards the left, and none towards the 
right ; and this weight, forming a pressure which the particles 
of the water convey in all directions, will push the particle D 
towards B. 

The particles will therefore not be at rest in such a position, 
and will only be so when the surface is perpendicular to the 
force of gravity which is acting on them ; for then every 
heavy layer of water will act like a uniformly loaded piston on 
the surface below it, and will therefore do nothing but exer- 
cise a force tending to compress the particles of the water 
together, which will be counteracted by the resistance of the 
fluid. 

We thus perceive that the surface of the ocean will be hori- 
zontal ; that is to say, it will be perpendicular to the direction 
of the plumb-line at the place. For short spaces this surface 
may be regarded as a plane, but taken as a whole it will ol 
course form a covering with a nearly spherical surface sur- 
rounding the globe. 




Fig. 34. 
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Fig. 25. 



•. The Water Level. — This is a useful application of this 
iple. Suppose (Fig*. 25) that we have a tubular vessel 
lining water, the ends of which are bent at right angles 
e middle part. When 
nstrument is at rest 
i must be equal and 
site pressures on any 
cle in the lower part 
e tube, otherwise the 
cle would move either 
s direction or another ; 
B the vertical height 
lie column of water 

e it on the left side must be equal to that of the column 
e right, and hence a line drawn from the top of the water 
B left limb to the top of that at the right will be strictly 
ontal, as truly so as if these were portions of one con- 
us surface of water. 

• The Spirit Level. — This is, however, much more cou- 
nt than the water level. To understand its principle, 
ine a curved hollow glass tube forming a portion of the 
inference of a circle of large radius, of which c is the 
e. 

t this tube be filled with spirits of wine or some mobile 

liquid, all except a small bubble 
of air. This air-bubble will 
always seek the highest point. 
In the figure (Fig. 26) this is 
at A ; but suppose the whole 
arrangement turned round C, 
from left to right through the 
angle A C a', it is clear that a' 
would now be the highest 
point, and the bubble would be 
found there. 

If the curved tube is graduated, 

we can at once read off on its 

scale the position of the bubble, 

thus ascertain how far the instrument has been turned 

1 the centre. 

practice this bent tube is firmly attached to a ^aV ipvece 0I 




Fig. 26. 
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metal, as in Fig. 27, and so adjusted that when tlie bottom of 
the instrument is horizontal the bubble shall be precisely in the 
middle. 

Suppose now the instrument be tilted up to the smallest 
degree, the bubble will no longer rest in the middle gradua- 
tion, but at some other point ; and noting the number of 
graduated divisions passed over by the centre of the bubble, 
and knowing also the value of each division, we shall know at 
once the precise angular displacement from the level position 
caused by the tilting of the instrument. 

76. Artesian Wells. — It sometimes happens in Nature that 
a layer of water becomes collected between two strata of the 
earth's crust, which are impermeable to this fluid. In the lower 
part of this layer the water will exist under considerable pres- 
sure, due to the height of the highest point of the layer above 
the lowest. If therefore the surface of the ground be less than 




Fig. 27. 

this height above the lowest point of the layer, and if we sink a 
well, the pressure of the water at the bottom of the layer will 
be sufBcient to drive the fluid up the shaft of the well, and to 
cause it to flow over, and even perhaps to rise in the form of a 
fountain. This will be well understood by examining Fig. 275. 
A B and c D represent two layers of the earth's strata, com- 
posed of material which is not permeable to water, whilst be- 
tween the two is a permeable layer K K. When rain water 
falls on the part of this layer where it comes to the surface, it 
will collect in the lower part of the basin, and will be under 
considerable pressure, so that if a hole be bored at i, the water 
will rise as shown. Such wells are called Artesian Wells, the 
name being derived from the province of Artois (the ancient 
Artesium), where they were first dug in modern times ; but 
the method of procuring water by this means was known to 
the ancients. 

77. Pressure of Iiiquids contained in Vessels.— It will 
readily be gaih^VGd from what we have said that the pressure 
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m any layer of liquid contained ia an optn veael is proporlioHai to 
ilt fUptk below the sutfact. 

The pressure is, in fact, due to the weight of the superin- 
cumbent column of the liquid. 

Thus the weig:ht of one cubic cenlimetre of distilled water is 
one gramme. If, therefore, wc have a vessel of pure water, 
the pressure of the fluid against a square centimetre of surface 
immersed in the water at the distance of one centimetre below 
the surface will be one gramme. This surface, In fact, sustains 
the weight of one cubic centimetre ; that is to say, of one 
gramme of water above it. 

I Upwkrda. — This pressure acts by Pascal's 




law In all directions, upwards as well as downwards, and the 
upward pressure of a layer of water may be shown by means 
(rf'the following ample experiment :^ 

Let there be a large glass tube (Fig. z8), open at both ends, 
and let the one end of it be ground flat, so as to be capable 
of being fltted with a ground glass cover having a string at- 
tached to it. Fit the tube with this cover, thus giving It a 
loose bottom, and, retaining in the hand the string attached 
to this bottom, plunge the tube into a vessel nearly full of 
water. If the string be now let go, the loose bottom will not 
leave the tube, but will cling to it, being kept tightly fastened 
to it by the upward-bearing pressure of the water. 

Now fill the lobe itself with water, and vuWenevev VW -Ka\jM 
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in the tube attains the same level as that in the vessel, the 
bottom will leave the tube, thereby showing- that the upward- 
beann^ pressure on the bottom of the tube is equal to the 
weig-ht of a column of water extending from this bottom to 
the surface of water in the vessel, 

7e». CAlCalKtlon Of HrdrostKtie Preaanre.— The follow- 
ing examples will serve to illustrate the subject ; — 

Example I.^A hollow cubic decimetre, open at the top, Is 
filled with water .- what will be the pressure on the bottom and 

Answer. — The depth being lo cm., there will be on each 
square cm. of the bottom a pressure equal to that of a column 



of V 




D grammes ; 



. square a 
high — that is to s. 
and there being i 
I square dm., the total pressure on 
the bottom will be loo x lo = l,ooo 
grammes. This will, in fact, be the 
weight of the water which the vessel 
contains, and which is supported by 
the bottom. 

Next, with regard to the sides. 
By the law of Pascal, since the pres- 
sure is transmitted in all directions, 
there will be on each small unit of 
area at the bottom of one of the 
sides a pressure represented by a 
column of water having this area 
n. high ; while, on the other hand, 

the pressure on any small unit of area at the top of the side 

will be nothing, since it is just at the top of (he water. 

The mean pressure upon a side will therefore be represented 

for unit area by the mean of these two extreme pressures ; 

that is to say, by a column of water equal to 

^— ' = s cm. high 

pres^ng upon the side. 

But the area of the side is loo cm. Hence loo X 5 = SOO 
grammes will be the whole pressure against any side ; so that 
trerea side movable outwards by a hinge from the bottom, it 



i base and i 
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would be necessary to apply at the proper point a pressure of 
500 grammes pressings inwards, in order to resist the pressure 
of the water tendings to push the side outwards. 

Example II. — A vessel contains water to the depth of a 
decimetre, and one of the sides of this vessel is a rectangular 
surface, the bottom of which is one decimetre, while the side 
slopes at an ang^le of 45*^ : what is the whole pressure on this 
side? 

Answer, — The whole surface of this side is 100 square 
cm. X ^/2, and the mean pressure on one square cm. of the 
side is as in Example I. (o + io)/2 = 5 grammes, and this 
pressure, by the law of Pascal, acts perpendicularly to the side. 
Hence the whole pressure against the side will be 500 tjz, 

79. Variation of Pressure "with Density. — We have 
hitherto considered the pressures on the sides of a vessel con- 
tainingf water ; but if the liquid be other than water, the pres- 
sure will of course be different. Thus if the liquid be mercury, 
which is 13*6 times heavier bulk for bulk than water, the 
pressures which we have calculated for water will have to be 
increased in this proportion. Or if the liquid be alcohol, which 
is bulk for bulk only o'8 times as heavy as water, the pressures 
will be less in this proportion. 

In fact, ^Ae pressure will be proportional to the density of the 
liquid, 

80. Flotation. — Suppose now that in the midst of a vessel 
of water a portion of the water were suddenly to become 
rigid, retaining however its density, its volume, and all its other 
properties unaltered. This will not alter the conditions of 
eouilibrium, because rigidity merely means an indisposition 
to certain kinds of motion ; but since the system was in equili- 
brium, there was no disposition to move before the rigidity 
commenced, and hence the portion of water suddenly become 
rigid will remain in equilibrium, and will therefore not alter 
its position, but will still remain suspended in the centre of the 
liquid. 

Now this isolated rigid portion will be attracted downwards 
by the force of gravity represented by its own weight ; but 
since it remains at rest, this force must be counteracted by 
an equal but opposite force, due to the pressure of water in 
which it is immersed. It thus appears that the buo^axvc^ «c 
floating power of a fluid is sufficient to coutvleta.c\. \>cife 'w€\^oX 
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of a solid substance immersed in it, and of the same density 
as itself. 

If, however, a solid immersed in a fluid be of gfreater density 
than this fluid, the upward pressure will not be suflicient 
entirely to overcome the weight of the solid, but it will appear 
to lessen it by the weight of its own volume of the fluid in 
which it rests. If left to itself, such a solid will therefore sink 
to the bottom ; or, if supported by a thread, it will act as a 
heavy body, but not with the force due to its whole weight, 
but with a force less than this by the weight of its own bulk 
of the fluid in which it is weighed. 

But if the solid be lighter than the fluid (Fig. 28a), the solid 
A will not sink therein, but a certain portion of its volume will 

become immersed, such that the weight 
of a volume of the fluid equal to this im- 
mersed portion shall be equal to the whole 
weight of the solid. 

Example, — A cube of wood, of a density 
= o'8 of that of water, is put into a vessel 
containing water : what portion of its side 
will be immersed ? 

Answer. — Eight tenths ; for then the 
weight of the volume of water displaced 
by these eight tenths will precisely equal the whole weight 
of the cube. 

The fact that a body weighed in water becomes apparently 
lighter by a weight equal to that of its own volume of the water 
in which it rests, may be rendered evident by means of the 
apparatus exhibited in Fig. 283. Here A is a hollow brass 
cylinder or bucket into which the solid brass piston or plug B 
accurately fits. Also b is capable of being hung by a hook 
from A as in the figure. 

Now weigh them both together in air and obtain an equili- 
brium. Then let B be immersed in water while A is still in air, 
as in the figure. The equilibrium will now no longer subsist, 
but it will be restored if we fill A to the brim with water, thus 
showing when B is in water it becomes apparently lighter 
by the weight of its own bulk of water, since evidently the 
water which fills A has the same volume as B. 

It is easy to show that the weight which a body suspended 
in water apparently loses is borne by the vjaler-vesseV, vjVvvcK 
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in consequence becomes so much heavier. If, for instance, 
we were to suspend the vessel of the fi^re half filled with 
water from the scale of the balance and then immersed in the 
water the cylinder B attached to an independent support, we 
^ould find that the water-vessel would become apparently 




heavier by the exact a 









■ighed in 



ai. BpeciAc ar»*lty.— By taking advantage of the property 
of liquids now mentioned, we are furnished with a means 
(first discovered by Archimedes) of ascerlaining the specific 
gravity, or, to speak more properly, the re\a.tiN« iewiA-j sS. 
bodies. 
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Suppose, for instance, we take distilled water at the tem- 
perature when it has its maximum density (4° C.) as our 
standard, and call its density unity. Suppose, also, that a 
substance weighs in vacuo 120 grammes, and when immersed 
under water at 4** C. only 89 grammes. It is thus when in 
water apparently lighter by 31 grammes, and this, according 
to the foregoing principles, will be the weight of its own bulk 
of water. Now, obviously the density of the substance will 
bear the same proportion to the density of water as the weight 
of the substance bears to the weight of its bulk of water — that 
is to say — 

Density of Substance _ 120 

Density of Water or Unity 31 
or 

Density of Substance = 3*87. 

Hence we have the following simple rule : — Divide the whole 
weight of a solid body by its loss of weight when weighed in water at 
4** C, aftd the quotient will represent the specific gravity or com- 
parative density of the body at this temperature. 

This method, however, will only give us the specific gravity 
of solids ; but we can obtain that of liquids by means of similar 
principles. Suppose, for instance, we wish to ascertain the 
specific gravity of a liquid. Let us weigh a solid body first in 
water, and let its loss of weight be 31 grammes. Let us now 
weigh the solid in the liquid, and let its loss of weight be 28 
grammes. This latter loss will represent the weight of a 
quantity of the liquid equal in volume to the solid, while 31 
will represent the weight of the same volume of water. 
Hence — 

Density of Liquid __ £8 _ 
Density of Water 31 

In the following table we have the specific gravities of a few 
of the most important solids and liquids. 

Table No. 10. — Densities of Solids. 

Platinum 21.5 

Gold 19*3 

Lead 11*3 

Silver 10*5 

Copper %*9 
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Table No. lo.— Densities of Solids — [conliittitd). 



Iron (bar) 
Iron (cast) 



Tin 

Zinc 

Diamond . . . 
Flint glass . . 

Melting ice . . 
Beech . . . . 
Yellow pine . . 

Cork 

Tablb No. I 
Mercury . , . 
Sulphuric acid 
Hydrochloric a< 
Nitric acid . . 
Sea water . . 



Ether 0-7 

8lB. Thi HTdranieter. — The depth at which a body will 
float in a liquid will depend, In accordance with the foregoing: 
principles, on the density of the liquid in which 
it is immersed. Hence it is possible to deter- 
mine densities by the aid of an instrument 
called a Hydrometer. This usually consists 
of a gkiss bulb or cylinder (Fig, igf) of glass 
provided with a glass stem enclosing a gradu- 
ated scale, and at the lower end a small 
bulb containing shot or mercury. The scale 
is best graduated so that the deniuty can be 
read directly off at that part of the scale which 
is at the level of the fluid in which the instru- 
ment is immersed. 

sa. CtipilUry PhenomBua. — When open 

tubes, having a very small bore, are placed 

ining liquids, we have certain phenomena which 

contradict the laws whicK *c ViaNC "yiw. 

U,for instance, a ^lass tube of th'isVund\ae '^\B.ce&Sxv 



appear at first sight 
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a vessel conlaining: water, the level of the water in the tube 
will be above that of its general surface ; also the surface of 
the water in the tube will be concave, the whole appearance 
presented being that of Fig. 29. 

But if the same tube be placed in a vessel of mercury, a liquid 
which does nol wil Ike tubt, the level of the ^nercury in the 
tube, instead of being above that of the general surface, will 
be below it, as in Fig. 30, while the surface will be convex 

The narrower the bore of the tube the more pronounced ml! 
these phenomena be ; and if a substance full of small pores, 
such as a lump of sugar, be placed with its lower extremity in 
water, the ascent of the water into the sugar will soon moisten 
the whole lump. 
The ascent of oil in lamp-wicks, the diffusion of moisture 




laws of capillarity. 

BSa. IiKwra of Capillarity. — The chief laws may be sum- 
marized as follows— 

Law l.^There are Iwo kinds of capillary aclion, in one sf which 
Ike liquid ascends, wels the tube, and has a concave surface, and i« 
the alher of TBkick it descends, dees not wet Ihe tube, and has a convex 

Law II. — The capillary ascent or depression is inversely propor- 
tional to the diameter of the lube, so that -with a narrcna lube we have 
a considerable difftretice of level rating te capillarity. 

Law III. — The capillary ascent or depression depends upon Ihe 
nature of Ihe liquid, each substance having a special capHlaiy 
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S3. BadoamoBB and ExOBmoae. — Certain phenomena 
which much resemble capillarity are produced when two dif- 
ferent liquids are separated by a mem- 
branous partition. In this case, gene- 
rally, there is a carriage of both liquids 
across the membrane, but of the one 
liquid more than the other, so that 
there is an increase of substance on 
the one side and a diminution of sub- 
stance on the other. The current 
which sets so as to increase the 
volume is called endosmose, and when 
it sets in the opposite direction it !s 

Thus, for instance, if a strong syrup 
be placed in a membranous bag, and 
the whole immersed in water, it will 
be found that the amount of sub- 
stance in the bag has increased, owing 
to some of the water having entered ; 
qnd at the same time it will be found 
that some of the syrup has mixed with 
the water outside. 

The apparatus shown in Fig. 30a, 
called an End osmometer, may be 
used for experiments on this subject. 
It consists of a glass jar, b, open bottom 
and top. A membrane of parchment 
is tied across the bottom, and the top 
is provided with a cork through which 
passes the glass tube a a. The jar is 
filled with a solution and immersed in 
m n. The rate of endosmose ci 
alteration of the liquid level r. 

Lesson XI 1. —Forces 




o the height 
n be studied by obsen/ing the 



84. DlSereiiea between a Gaa and a Liqntd.— We have 
se«n that in liquids the force of cohesion has not entirely 
vanished, but in gases there is no trace of such a force, 
instead of which we have apparent repulsion exerted ^e\-weMv 
the various particles ; so that a gas, however stnaW m (\Ma.vi"C\V^ » 



98 ELEMENTARY PHYSICS chap, ii 

will always till the vessel in which it is held. Nevertheless, 
a gas, like all other substances, possesses mass and weight. 
When we proceed to describe the Barometer, it mil be shown 
that our atmosphere has weight, but in the meantime an 
experiment may be ^ven illustrating the weight of a gas. 

84a. Denaity of Qksea. — Let a large glass flask (Fig. ^oi) 

be accurately fitted with a slop-cock, and also at the extremity 

of the cock with a screw, by means of which it can be 

attached to the receiver of an air-pump. First of all let the 

flask, having its stop-cock open, and 

A being of course filled with air, be 

^y attached to the scale-pan of a balance 

!^N and weighed. Let it then be carried 

j|P to a pump, and let Ihe air which it con- 

jl^^^ tains be withdrawn [ let the stopcock 

^^^^^^^L be now shut, and the flask again weighed 

^HB9^^^^ in the balance after it has been thus 

^^K^^^^B deprived of air. Its weight will now 

^^Hj^H^^^^H be found to be sensibly less. Let it next 

^^^^^^^^^^H be filled with hydrogen gas and again 

^^^^^^^^^w weighed ; its weight will now be found 

^^^^^^^^ greater than when it was empty, but 

Fig. joj. less than when filled with air. Finally 

let it be filled with carbonic acid gab, 

and it will be found to weigh heavier than when filled with 

air. We thus perceive that gases have weight, and thai 

some gases weigh more than others, hydrogen being lighter 

than air, and carbonic acid heavier. 

83. Dlatloctlon betneeii Gaaea and Vaponra. — Just as 
solids are converted into liquids by the application of heat, so 
liquids are Converted into gases by increasing the heat. Thus 
at o° C. ice is converted into water, and at ioo° C. water is 
converted into steam, which is a gas. 

We must not, however, imagine from this example that 
gases are visible. The visible cloud arising from a kettle or 
a railway engine is not true steam ; it is rather small particles 
of water, into which the steam has condensed through contact 
with the cold air. 

Often, however, near the spout of a kettle or the funnel c^ a 
locomotive, the matter, which we know to be iMuing out, i> 
oevertbeleas invisible. Then it is true steam. 
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Elastic fluids have been divided for convenience' sake into 
gases and Tapours. 

A gas denotes a substance which at ordinary temperatures 
remains gaseous ; and a vapour denotes a substance in the 
gaseous form which at ordinary temperatures is solid or liquid. 
Thus, for instance, steam is a vapour, because the substance, 
water, from which it issues, ordinarily appears as a liquid, and 
can only be driven off into vapour through the application of 
heat. 

Carbonic acid, on the other hand, is a gas, and can only be 
brought into the liquid or solid state through intense pressure 
or intense cold. All gases have at length been forced into 
the liquid state through the joint effect of these agents ; but 
six substances had until recently withstood all attempts to 
liquefy them, these being oxygen, hydrogen, nitrogen, nitric 
oxide, carbonic oxide, and marsh gas. 

On the other hand, there are some substances which can 
only be driven into the state of vapour through the most 
intense application of heat ; and these are called refractory 
substances. Carbon is a body of this nature. 

86. The Atmosphere. — The gaseous body with which we 
are best acquainted is our own atmosphere. It is chiefly 
composed of the two elementary gases, oxygen and nitrogen, 
mixed together in the proportion of 23 parts by weight of 
oxygen and 77 parts by weight of nitrogen ; there is likewise 
a little carbonic acid gas and a trace of ammonia in the 
atmosphere. Besides this it contains a variable proportion 
of aqueous vapour, which sometimes exists in it in a strictly 
gaseous invisible form, and is sometimes deposited in the form 
of a cloud. 

When animals breathe, or when combustion takes place, the 
oxygen of the air is thereby converted into carbonic acid gas. 
If this process were to go on without being remedied, the air 
would, in the course of ages, gradually deteriorate, losing its 
oxygen, until it became unfit for the respiration of animals. 
But a check is put upon this by plants, in which the reverse 
process takes place ; that is to say, instead of inhaling oxygen 
and giving out carbonic acid, they inhale carbonic acid and 
give out oxygen ; and thus, by the joint action of the animal 
and vegetable kingdom, a balance is kept up, aud W\e cowdlVOvow 
of the Atmosphere remains unchanged. 

w 1 
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87. Its Weig:ht. — The atmosphere possesses weig^ht, and 
hence presses upon the substances at the earth's surface ; but 
being a fluid, this pressure is by the law of Pascal transmitted 
in all directions. Thus a piece of paper is not forcibly held 
to the ground by the weight of the atmosphere above it, but 
there is as much upward pressure upon its under surface as 
there is downward pressure upon its upper surface ; and so 
we fail to perceive the traces of any pressure. 

One of the most interesting experiments in illustration of 

this equality in all directions 
of atmospheric pressure is 
that of the Magdeburg hemi- 
spheres, so called from Otto 
von Guericke, burgomaster 
of Magdeburg, who first 
invented them. They con- 
sist of two hollow brass 
cups (Fig. 31), capable of 
being fitted very accurately 
together. Thelower of these 
two cups has a stop-cock at- 
tached to it, and is likewise 
capable of beihg screwed on 
to the receiver of an air 
pump, by which, when the 
two cups are joined to- 
gether, the whole may be 
deprived of air. If this be 
done and the stop-cock be 
shut, the hemispheres may 
then be detached from the 





Fig. 31. 



pump, and it will be found impossible without a very great 
effort to force them asunder. As soon, however, as the 
stop-cock is opened so as to admit the air, they will come 
asunder with the greatest ease. The reason of their being 
forced together when exhausted arises from the fact that in 
this state the air presses them together from without, while 
there is no air within to counteract this pressure. As soon, 
however, as air is introduced into the interior, this pressure is 
counteracted, and they may be separated with ease, 

Tb0 Bturotn^fr, — TorricelU, a pupU of Galileo, was the 
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first to devise an instrument by which the pressure of the air 
can be accurately measured. ' _' _ 

It had long- been remarked that Lb, tde ordinary lifting pump 
when the piston was drawn up the 'W,i.>er followed it, and the 
reason alleged was only a quaint way pf 'expressing the fact 
without assigning any cause. * ^ _ 

It was said that Nature ab- 
horred a vacuum ; but it was 
afterwards found that this 
abhorrence only extended to 
the height of about thirty 
feet, and that if the piston 
was raised higher than (his 
the water would not follow 
it. Torricelli rightly con- 
ceived that this was an elFecl 
of the pressure of the air, and 
that if we make use of a 
heavier fluid than water, this 
will refuse to mount long be- 
fore the water will. In fact 
the fluid, he argued, will rise 
in a tube which is a vacuum 
to such a height that the 
downward pressure of the 
column will ejcactly balance 
the upward pressure of the 

With this purpose he pro- 
cured a glass tube more than 
thirty inches long, shut at (he 
one end and open at the 
other, and having tilled it 
with mercury (Fig. 32), which y^^ ^^ 

is more than thirteen times 

heavier than water, inverted the tube into a basin of the 
same fluid, and found that the mercury remained suspended 
in the tube to the height of about 760 millimetres above the 
level of that in the basin, while the space above the to? t^ Vi\>i 
mercury in the tube was entirely empty. 

/fc therefore concluded that the pressure o( t.\ve aVmos^Vwe 
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tustain a col^ijnn't^ mercury 760 millimetres in 

: the whole weight of our atmosphere would be 

equal 10. that of an ocean rf mercury sur- 

rouRdij-g'he globe and about 760 millimelres 

hirfr 

THiS nvered tube a called a Barometer 
wmch means an nstrument for ascertain ng 
the v,e ght of the a r and the vacuum above 
the column of mercury n a barometer tube 
called the Tarrlcelllftu Tacvmn} it 9 oae 
of the most perfect that can be produced 
The pressure s denoted by the he g-ht of the 
nercury n the tube above the level of the 
mercury n tt e c stem Now when the pres- 
sure of the atmosphere ncreases the he ght 
of mercury n the tube increases and the 
level n the c stem falls Hence to obtain 
accurately the he ght we must attach a scale 
to the barometer which allows for the varia- 
tion of level in the cistern, or always keep 
the mercury in (he cistern at one level. This 
is the method adopted in the Barometer of 
Fortin (see Fig. 380). The bottom of the cistern is made 
of leather, l, which can be raised or lowered by 
an adjusting screw, s, at the bottom, so as to 
cause the mercury level (O be always the same 
which is the case when its surface just touches 
the end of an ivory pointer, p. The height of the 
mercury in the tube is read off accurately by 
means of a sliding scale called the Temler, \ 
(Fig. 32*), which can be moved up and down by 
turning the milled head s until its lower edge is a 
tangent to the top of the mercury at A. 

S9. Faacal'B Bxpcrlmenta.— The truth of 
ToTTicelU's discovery was verified in a different 
manner by Pascal. Arguing that the atmosphere 
is an ocean, he imagined that the pressure of 
this ocean will vary with its depth ; that is to 
say, if we ascend a mountain, and leave a quan- ■""■ 

tity of the heavy matter of (he air below us, the pressure wiU 
be proportionaUy diminished. 



LESS. XII THE FORCES OF NATURE 103 

According'ly, on ascending* an elevated mountain termed the 
Puy de D6me, he found that at the top the mercurial column 
read nearly three inches lower than at the bottom, which he 
correctly attributed to the weight of air left beneath. Of late 
years the height of the mercurial column in a barometer has 
been very extensively used in ascertaining the height of moun- 
tains, which can thus be determined, although not with the 
same accuracy as by trigonometrical measurement. 

The behaviour of the barometer is probably, to some extent, 
an index of the weather that is about to follow ; but in using 
the indications of the barometer for this purpose, it is desir- 
able to compare together the records at different places, and 
not trust too much to those at any one place. Generally speak, 
ing, when there is very rapid movement in the barometer much 
atmospheric disturbance may be expected, and there will be a 
conveyance of air from those districts where the barometer is 
high — that is to say, where there is a surplus of air — to those 
districts where it is low, that is to say, where the air is defi- 
cient in quantity. 

90. Boyle's Law. — We have said that we do not feel the 
effects of the atmospheric pressure because it is exerted in all 
directions. Thus, if we have a flask full of air provided with 
a stop-cock, and shut the stop-cock in the open air, the glass 
of the flask will not be subject to any pressure on account of 
the air. There will, no doubt, be a very strong pressure of 
the atmosphere upon its outer surface ; but the air which it 
contains, and which has been shut off when in a state of equi- 
librium with the outer air, will exert just as much pressure 
from within upon the flask, but in an opposite direction ; there 
will thus be no tendency either to force the sides of the flask 
in or to force them asunder. If, however, by any method we 
abstract a portion of the air within the flask, this state of 
things will be altered. The pressure of the particles within 
will now no longer be able to equal that of the atmosphere 
without, and the tendency will be to press together the sides 
of the flask. Now, it is found that if we take away half the 
mass of the air within the flask, the pressure on one square 
unit of surface will only be one half of what it was ; or if we 
take away three quarters of the whole mass, so as only to 
leave one quarter, the pressure will be only otve c^^xXax cJl 
what it was, and so on. That is to say, the pressure oj a quantity 
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CHAP. II 



of air shut up in a flask in this manner will be proportional to its 
fftass or to its density. 

This law was discovered by Boyle, by whom it was put in a 
slightly different form. The truth of the law will be seen 
from the following simple experiment : — Let us take a tube, 
shaped as in Fig. :i3y shut at one end, and having a uniform 
bore throughout, and suppose that it contains, separated from 
the atmosphere by a little mercury, a quantity of air, filling 
the tube A B. This air, let us suppose, exists at the ordinary 
atmospheric pressure, equal to that of 760 mm. of mercury, 
and is the same in all respects as the outer air. 

Let us now, as in Fig. 34, pour a quantity of mercury into 





Fig 33. 



Fig. 34. 



the long leg of the tube until the level of the mercury in this 
leg is 760 mm. above that of the mercury in the shut part 
This difference of level will cause a pressure tending to com- 
press the air in a'b' equal to that of a column of 760 mm. of 
mercury. 

Besides this we have the pressure of the outer air, conveyed 
through the mercury, tending also to press together the air in 
a'b'. Hence altogether we have a pressure equal to 1,520 mm. 
of mercury, or that of two atmospheres, tending to press to- 
gether this air, whereas in the first figure there was only the 
pressure of one atmosphere. It will be found that under this 
double pressure the air will only occupy half the volume — that 
is to say, a'b' will be one half of A B : had the pressure been 
tripled, the volume would have been reduced to one third ; in 
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fact, the volume varies inversely as the pressure , and this is the law 
of Boyle. 

It will easily be seen that this is only another form of the 
previously stated law that the pressure of air varies as its 
density ; for since there is the same quantity of air in a' b' as 
in A B, and since the volume A' b' is only one half of A B, it 
follows that the density of the air in a' b' is double of what it 
is in A B ; but the pressure is also double, and hence the 
pressure is proportional to the density. 

In what we have stated it is supposed that the temperature 
has remained the same throughout. It will be afterwards 
shown how the pressure of a gas varies with its temperature. 

If Vq be the volume of a quantity of gas at a pressure Po, and 
if, when the pressure is changed to Pj the volume becomes Vj, 
then according to Boyle's law 

Vi Po 
and therefore 

VoPo = ViPi. 

Hence Boyle's law may be stated thus : For a given quantity of 
gas the product of the pressure and volume is constant. 

Example I. — One litre of air at a pressure of 760 mm. of mer- 
cury is forced into a globe of 50 cc. capacity. What will be the 
pressure inside the globe ? 

By Boyle's law, the new pressure multiplied by the new 

volume is equal to the old pressure multiplied by the old 

volume. Hence 

P X 50 = 760 X 1,000 

.•. p = 15,200 mm. 

Example II. — The closed limb of a Boyle's law tube has an 

internal capacity of 30 cc. when the mercury is at the same 

level in both limbs and the height of the barometer is 760 mm. 

Mercury is poured into the longer limb until the difference in 

level of its two surfaces is 100 cm. What volume will the 

air in the closed limb now occupy ? 

Original pressure — 760 mm. 

Original volume — 30 cc. 

New pressure = 760 -1 100 860 mm. 

New volume = v 
By Boyle's law 

V X 860 = 30 X 760 

.*. V = 26*5 cc. 
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QO«i. App»ratiui for Proof of BoTle'a L^w.— In the Phys- 
ical Laboratory the student may more conveniently prove the 
law of Boyle experimentally by the aid of the apparatus shown 
in Fig. 34^1. A burette, b, is connected with a glass tube, A, by 
means of stout walled india-rubber 
tubing. The glass tube is mounted 
so that it can be raised or lowered, 
hence the pressure on the gas in 
the burette can be altered readily. 
The volume of the gas is read off 
on the graduations of the burette, 
and Che amount by which the pres- 
sure of the atmosphere is increased 
or decreased is read off on the box- 
wood scale by Che help of Che pointers 
p and /'. 

SI. Theory of aaaeon« Pres- 
■nre. — It thus appears that when a 
quantity of air is inclosed in a vessel, 
it presses against the sides of the 
vessel in all directions, and Is in this 
respect very dlfterent from water, 
which assunies a definite surface ; 
it further appears that this pressure 
on a square unit of surface is propor- 
tional to the mass of air contained in 
the vessel, the temperature remain- 
ing the same. This fact of gaseous 
pressure has induced many philoso- 
phers to imagine Chat the particles 
of a gas are continually moving 
about in all directions, knocking 
against one another, and against 
the sides of the vessel that contains 
them, and that it is the accumulated 
■a that constitutes gaseous pressure. This 
theory would appear to afford a good explanation of the fact 
that ^seous pressure is proportional to the density of the gas. 
In order to give our Ideas a tangible form, let us suppose that 
a hollow cubic metre is tilled with gas. the particles of which are 
esactlyone millimetre apart. There will therefore be i,ooo ' 
-V X t,00O, or one thousand miUion ipatl\c\eawiV\ve-jeaaeV 




effect of these blov 
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Suppose, now, that air is abstracted until the distance be- 
tween two contigfuous particles is increased to 2 millimetres. 
There will, therefore, be 500 x 500 x 500, or one hundred and 
twenty-five million particles in the vessel, so that the mass will 
be only one eighth of what it was. 

Now, in the first case there would be t,ooo x 1,000, or one 
million particles in immediate contact with one of the sides of 
the vessel, so that we should have a million little balls knock- 
ing against that side ; and when these had delivered their 
blows, the layer immediately behind them would follow, let us 
say (to fix our thoughts), at the interval of half a second, and 
there would thus be two million blows delivered in one 
second. 

But, in the second instance, there are only 500 x 500, or 
250,000 particles in contact with one of the sides, so that there 
will only be this number of blows delivered instead of the 
million in the previous case. But when thesQ blows have been 
delivered, we shall have to wait twice as long as in the previous 
instance, or one second instead of half a second, for the next 
broadside, for the second row of particles have now two milli- 
metres instead of one to travel in order to come up to the side 
of the vessel and deliver their blows, so that we shall have 
only 250,000 blows delivered in one second instead of 2,000,000, 
which was the number in the first case. We shall therefore 
have only one eighth of the number of blows delivered in the 
same time, and hence the pressure will be reduced eight 
times, which is also the proportion in which the density was 
reduced. 

9&. Buoyancy of Air. — Gases as well as liquids possess 
buoyancy ; and just as a body immersed in water is rendered 
lighter by the weight of its bulk of water, so a body immersed 
in air is rendered lighter by the weight of its bulk of air. 

A very good experiment in illustration of this is to attach to 
one arm of a balance a large hollow globe, and to counterpoise 
it by a small and heavy solid attached to the other arm (Fig. 35), 
so that in atmospheric air the weight of the two arms is 
exactly the same. If the balance be now placed under the 
receiver of an air-pump, and then exhausted, the two arms 
will no longer be in equilibrium, but the weight of the globe 
will preponderate. The reason of this is that in -uaciAo -^^ 
obtain the true weight , so that the globe \s reaW^ \\eaLN\^T >s>c^\\ 
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the solid used to counterpoise it ; but as the volume of the 
globe is much larger than that of the counterpoise, the former 
will apparently lose more in weight through the buoyancy of 
the air than the latter, and hence in air they may appear to be 
of equal weigh! although Ihe globe is in reality the heavier. 

When a larg'e globe is Riled with some gas, such as hydro- 
gen or coal-gas, that is lighter bulk for bulk than air, it will 
on accoimt of this buoyancy strive to rise in the atmosphere, 
just as a piece of cork will strive to rise in water. A ballooB 
rises from this cause ; it is tilled with hydrogen, or coal-gas, 
and the united weight of this gas. of the balloon itself, and 
of that which its car contains, must always be less than the 




e bulk of air in order that the balloon may 






We shall now describe the 
ments which depend for their 



03. Atr-pnmp. -The intention of this i 
prive a vessel, as far as possible, of Ihe air which il 
and this is done in Ihe following way :— 

Let V (Fig. 36) denote a vessel of glass, the bottom of which 
fits accurately on a well-ground plate of metal or other sub- 
stance. Through the centre of this plale (here is an opening 
coaimuaicating by means of a bent tube witti ti\e c^\\n4eT t. 
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and where the pipe joins the cylinder there is a small valve, Vy 
capable of openings upwards, but not downwards. There is 
also an accurately fitting piston which moves in this cylinder, 
and in this piston there is another valve, v'y which opens up- 
wards, and not downwards. 

In the first place, let v be full of air, and let the piston be at 
the bottom of the cylinder. When we raise this piston a 
vacuum is immediately produced, and this cannot be filled 
from the outer air, since the valve in the piston only opens 
upwards ; it can, however, be filled from the air in the receiver 
V by means of the valve Vy which opens upwards into the 
vacuum. Thus when the piston is at the top of its stroke, 
the air which at first filled the vessel v will now fill both v 





Fig. 36. 

and the cylinder. Next, let us push the piston down again, 
and the first effect of this will be to shut the lower valve v, 
and to open the upper valve v'y through which the air in the 
cylinder will escape into the atmosphere. 

Thus the effect of the double stroke has been in the first 
place to bring the air of the vessel v to fill both v and the 
cylinder; and, secondly, to drive into the outer air that 
portion of it which filled the cylinder. 

Let us suppose that the capacity of the vessel v is four times 
as great as that of the cylinder, and that we have a mass of 
air in the vessel V equal to 100 to begin with. 

Then (i) when the piston is raised to the top of the cylinder 
there will be 80 parts of this air in V and 20 in the cylinder. 

(2) When the piston reaches the bottom of the cylinder, the 
20 parts in the cylinder will have been driven out \tvto tVva 
atmosphere^ leaving So parts in v. 



I 
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If this operation be repeated, we shall have, after the next 
upward stroke of the piston, 64 parts of air in v and 16 in the 
cylinder, and after the corresponding* downward stroke there 
will be only these 64 parts of air left in v. 

Thus, after the first double stroke, the air in v was diminished 
in the proportion of ^ths, so that we had 100 x |^ = 80 parts 
of air left ; arid, in like manner, after the second double stroke, 
these 80 parts were diminished in the same proportion, and we 
had 80 X 1^ = 64 parts left. 

The law of diminution is very obvious. For instance, at the 
end of the third stroke the air left will be 100 x f x |^ x ^ = 
100 X (3^)^; at the end of the tenth stroke, 100 x {^) '*, and 
so on. It will be observed that the fraction ^ is the ratio of 
the volume of the receiver to the sum of the volumes of receiver 
and cylinder. 

We shall never by this means succeed in depriving* the 
chamber completely of the air which it contains, and the limit 
will be reached when the pressure of the residual air is not 
sufficient to lift up the lower valve when the piston is raised in 
the cylinder. 

By a similar method of reasoning the law of diminution of 
pressure may be obtained. For suppose the piston at the 
bottom of the cylinder, and let the pressure of the air be 760 
mm., the corresponding volume being 80 ; then at the end of 
the first upward stroke the volume has become 100, and if 
we call the pressure Pj we have by Boyle's law 

100 X Pj = 80 X 760, 

or Pj = f X760. 

At the end of the first downward stroke the volume has 
again become 80, the pressure being still | x 760. After the 
next upward stroke the volume is once more 100, and if we 
call the pressure Pg we have, as before, 

100 X P2 = 80 X (f X 760) 
.-. P2 = f xix76o. 

Similarly at the end of the third stroke Pg = 1x^x^x760 
= (l)'x76o, at the end of the tenth stroke Pjo = (iV^xyeo, 
and so on. 

Example, — The volumes of receiver and cylinder of an air- 
pump are 2,000 cc, and 100 cc. respectively, and the initial 
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receiver after four double strokes. 



rcury. Find the pressure in 



jinsvrer.- 



(S)' 



^756 = 6*1-9 IT 



B«. IdftlnK-pnmp.— In the liflingr-pump we have, besides 
the cylinder or barrel, a tube which extends downwards into 
a reservoir of waler, part of which 
we wish to obtain. At the point 
where the Cube enters the cyhnder 
we have a valve, j' (Fig. 37), open- 
ings upwards, and in the piston we 
have another valve, v', also opening 
upwards. If, to be^n with, we 
have air in Che tube below the 
valve V, the first action of the 
lifling-pump is similar to that of the 
air-pump, and part of this air is ab- 
stracted so that the pressure of air 
left in the tube is less than that of 
the atmosphere. Now, as the at- 
mosphere presses upon the surface 



of the reservoir of w 
the tube is plunged, ! 



press 



a lor 



iger 







by an equal press 
owing to Che abstractio 
tion of the air, the wa 
forced into the tube, in whi{ 
will rise, and continue doing s 

the operation goes on. There will, --=5^='= "t-.-— 

however, be a limit to the height Fig, 37. 

to which it will mount ; for if the 

tube is more than about 30 feet long, we shall not be able 
to get it into the barrel or cylinder, and the pump will not 
work, the reason being that the pressure of the atmosphere is 
just about equal to that of a column of water 30 feet in height. 
When the air has been pumped out, and the barrel is full 
of water, as we force the piston down, the upper valve, ii', 
will open, while the under valve, ;', will shut, and a. c^tai\<.\ti^ 
of water wil/ thus be carried above the p'lslon, "tftieteW, wiaTj 
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be discharged through a spout, or otherwise disposed of. 
Then, again, when the piston is drawn up water will follow it, 
rushing into the barrel through the lower valve ; and as il 
ag^n descends the lower valve will shut, and the upper one 
open, and so on. 

QS. Biplion.— The siphon is an apparatus for conveyinf; 
liquid out of a vessel to any lower level, without the inter- 
vention of an ordinary tap. In its essential form it consists of 
a bent tube, open at both ends. For practical convenience, 
and to increase the velocity of efflux, one leg is frequently 




made longer than the other but thii is not necessary for its 

The tube bemg filled with some of the liquid, one end is 
submerged beneath the surface of the hquid in the vessel : 
the other end, let us suppose, is closed for the present by the 
thumb. Referring to Fig, 38, we see that if the vertical height 
of D A above the liquid surface is not more than the baro- 
metric height for the liquid, the liquid will remain within the 
tube. 

Now by the laws of pressure in any continuous body of fluid 
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, the pressure is the same at all points in the same 
ital layer, and the pressure increases with the depth 
the free surface. Hence the pressure at E is that of 
losphere, and if the end B be lower than E, the pressure 
greater than that of the atmosphere. Thus, when the 
is opened, the portion b E of the liquid will flow out, 

consequence other portions of the liquid will occupy 
uvely the same position and then flow out. The action 
tarly cease as soon as the surface of 
lid in the vessel has sunk to the level 
it end of the tube. 

DUffasion of Oas. — This short sketch 
>roperties of g^ases would be incomplete 
t reference to diffusion — the law of 
ivas first put in a clear shape by Gra- 
His experiment consists in having a 
Fig". 39) filled with a gas — let us say 
'drogen — the lower extremity being im- 

in a liquid, while the upper extremity 
d with a porous partition that will allow 
tides of gas to move through it. Under 
ircumstances he found that in a short 
e liquid rose in the tube, showing that 
'as a diminution in the volume of gas. 
3 found that the quality had become 
d, so that, while hydrogen had escaped 
1 the pores of the partition, air had 
.. If this process be carried on for a 
lat longer time, most of the hydrogen 
ape, and the tube will be full of nearly 
mospheric air ; but the volume of air will not be equal 
»rig^nal volume of hydrogen, and in general, if the gas 
the tube be lighter, bulk for bulk, than that outside, a 

volume will go out than will enter, so that the interior 
will diminish. On the other hand, if the gas in the tube 

greater specific gravity than that outside, the reverse 
e place. 

)wever, a sufficiently long time be allowed, every trace 
'Ogen will escape, and the final volume of air will be 
> the original volume of hydrogen. 
Ue of diffusion 0/ a gas is inversely as the square root of its 




Fig. 39. 



CHAPTER III. 

ENERGY, 

Lesson XIII.— Definition of Energy. 

\. It is only of late years that the laws of motion have been 
fully comprehended. It has, no doubt, been known since the 
time of Newton that there can be no action without reaction ; 
or if we define momentum to mean the product of the mass of 
a moving- body into its velocity of motion, then whenever this 
is g-enerated in one direction an equal amount is simultaneously 
generated in the opposite direction, and whenever it is de- 
stroyed in one direction an equal amount is simultaneously 
destroyed in the opposite direction. Thus the recoil of a gun 
is the appropriate reaction to the forward motion of the bullet, 
and the ascent of a rocket to the down-rush of heated gas from 
its orifice ; and in other cases where the action of the principle 
is not so apparent, its truth has notwithstanding been univer- 
sally admitted. 

It has, for instance, been perfectly well understood for the 
last 200 years that if a rock be detached from the top of a pre- 
cipice 144 feet high it will reach the earth with the velocity 
of 96 feet in a second, while the earth will in return move up to 
meet it, if not with the same velocity, yet with the same 
momentum. But, inasmuch as the mass of the earth is verj* 
great compared with that of the rock, so the velocity of the 
former must be very small compared with that of the latter, in 
order that the momentum or product of mass into velocity may 
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be the same for both. In fact, in this case, the velocity of the 
earth is quite insensible, and may be disregarded. 

The old conception of the laws of motion was thus sufficient 
to represent what takes place when the rock is in the act of 
traversing- the air to meet the earth ; but, on the other hand, 
the true physical concomitants of the crash which takes place 
when the two bodies have come together were entirely ignored. 
They met, their momentum was cancelled, and that was enough 
for the old hypothesis. 

So, when a hammer descends upon an anvil, it was con- 
sidered enough to believe that the blow was stopped by the 
anvil ; or when a brake was applied to a carriage- wheel, it was 
enough to imagine that the momentum of the carriage was 
stopped by friction. Let us now consider some of those in- 
fluences which helped to prepare men's minds for the reception 
of a truer hypothesis. 

99. "Work, — We live in a world of work, of work from which 
we cannot possibly escape ; and those of us who do not require 
to work in order to eat, must yet in some sense perform work 
in order to live. Gradually, and by very slow steps, the true 
nature of work came to be understood. It was seen, for in- 
stance, that it involved a much less expenditure of energry ^ for 
a man to carry a pound weight along a level road than to 
carry it an equal distance up to the top of a mountain. 

It is not improbable that considerations of this kind may 
have led the way to a numerical estimate of work. 

Thus if a kilogramme be raised one metre high against the 
force of gfravity, we may call it one unit of 'work, in which 
case two kilogrammes raised one metre high, or one kilo- 
gramme raised two metres high, will represent two units, and 
so on. We have, therefore, only to multiply the number of 
kilogrammes by the vertical height in metres to which they are 
raised, and the product will represent the work done against 
gravity. 

The force of gravity being very nearly constant, and always 
in action, is a very convenient force to measure work by, and 
it is generally made use of for this purpose ; we shall therefore 
in the meantime take as the unit of work the kilogrammetre, 
or the work represented by one kilogramme raised one metre 
high, against the force of gravity at the earth's surface. 

1 Energy (horn Greek Spyov) means simply the power o^ dovtv^ vjcitV:. 
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Example I. — A man weighing 70 kg. carries a weight of 
10 kg. to the top of a ladder 30 m. high. How much work 
does he perform ? 

Answer. — (70 + 10) x 30 = 2,400 kilogrammetres. 

Exatnple II. — A horse draws a load of 1,000 kg. a distance of 
2,500 metres along a road which rises i in 100, How much 
work is done on the load against gravity? 

Answer. — 1,000 x 2,500 x - - = 25,000 kilogrammetres. 

100 

100. Relation between Energry and Momentum. — Having 
thus defined work, the next point is to connect it with mo- 
mentum. Now, we have already seen (Art. 45) that a body shot 
upwards with the velocity of 981 cm. per second will rise 
490*5 cm. in height before it stops, so that if a kilogramme be 
shot upwards with this velocity, it will ascend this height 
against the force of gravity. 

Hence a man who projects a kilogramme vertically upwards 
with the velocity of 981 cm. per second will thereby have im- 
parted to the moving kilogramme an amount of energy which 
will enable it to raise itself 490*5 cm. or 4*905 metres in height, 
and thus to perform nearly 4*9 units of work. Again, it has been 
shown (Art. 45) that if the kilogramme be projected upwards 
with twice this velocity, or that of 1,962 cm. per second, it will 
now rise four times as high ; for it will rise 1,962 cm. in height 
before it stops, instead of only 490*5 cm. as before. We thus 
see that the work which can be accomplished by a moving body is 
increased four times by doubling the velocity ; in other words, 
it is proportional to the square of the velocity. Again, if the body 
projected upwards have the mass of two kilogrammes, it will 
do double the work of a single kilogramme projected upwards 
with the same velocity, so that the work which a moving body is 
capable of doing is proportional to its mass. 

A little reflection will convince us that the work Ey capable 
of being done by a body whose mass (in kilogrammes or 
thousands of grammes) is m^ and whose velocity is Vy will be 
represented by the expression 

£ = .... (A). 

19*6 ^ ^ 

Thus if ;;/ = i , that is to say, if the mass be one kilogramme, 
a,ndifzf = p'8, that is to say, if it be projected ui^vasLtds with 
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the velocity of 9*8 metres a second, we shall have by the above 

expression 

(o8)2 
Capacity for doing" work, or energy, = -^— .^- = 4*9 ; 

while if the mass remain the same as before, and if the velo- 
city be I9'6, we shall have 

Capacity for work, or energy, = ^^^ = 19 '6. 

Now these numbers, as we have already seen, represent 
the heights attained, and hence the work done (in kilogram- 
metres) in these two instances, so that the expression (A) 
appears to be correct. 

The following example will illustrate the connection between 
energy and momentum : 

Example. — What is the energy of a body weighing 64 
grammes projected upwards with the velocity of 60 metres in 
one second ? Answer. — Its energy or capacity for doing 

work is — ^— X - — ^ = 11*76 kilogrammetres, the first of 
1,000 19*0 

the two factors being applied with the purpose of reducing the 
mass into kilogrammes. 

The statement that the energy of a moving body is pro- 
portional to the square of its velocity may be seen to hold 
from other points of view. Thus, for instance, if a number 
of similar oak-planks be placed the one behind the other, and 
if a rifle-ball with a certain velocity pierce through three of 
them, a rifle-ball with double the velocity will pass not only 
through six, or twice three, but through twelve, or four times 
three planks. Thus the resistance of the planks supplies the 
place of the force of gravity in the previous examples just 
given. 

Again, let us suppose that on a line of rail a collision is 
about to take place between two similar trains, each moving 
towards the other at the rate of thirty miles an hour. If we 
denote by unity the energy of each train, the whole amount of 
energfy spent upon the crash will obviously be two units. 

Suppose now that the one train is at rest while the other is 
rushing towards it with the double velocity of sixty w\\W% ^w 
hour. It is very easy to see that the euerg-^ o^ \>cve \^\X»c 
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must be four units. For in the first place, the rate of approach 
in this case being" the same as that in the previous case above 
mentioned, the same amount of energy will be spent on the 
collision, which will thus represent two units of energy. But 
besides this, the double train will by the laws of momentum be 
in motion after the collision at the rate of thirty miles an hour 
— this representing other two units of energy. On the whole, 
therefore, the energy represented by the single train moving 
at sixty miles an hour will be four units. 

Example I. — What is the energy of a bullet weighing logfms. 
fired from a rifle with a velocity of 250 metres per second ? 
Answer, — 3 1 '9 units. 

Example II. — A train weighing 70,000 kg. is moving with a 
velocity of 60 kilometres per hour : how many units of energy 
does it possess ? Answer, — 99,206*3. 

101. Energy is of Two Types. — If we define "energy" 
to mean the power of doing work, it thus appears that a stone 
shot upwards with great velocity may be said to have in it a 
great deal of actual energy, because it has the power of over- 
coming up to a great height the obstacle interposed by gravity 
to its ascent, just as a man of great energy has the power of 
overcoming obstacles. But this stone as it continues to mount 
upwards will do so with a gradually decreasing velocity, until 
at the summit of its flight all the actual energy with which it 
started will have been spent in raising it against the force of 
gravity to this elevated position. It is now moving with no 
velocity — just, in fact, beginning to turn — and we may suppose 
it to be caught and lodged upon the top of a house. Here, 
then, it remains at rest, without the slightest tendency to 
motion of any kind, and we are led to ask. What has become 
of the energy with which it began its flight ? Has this energy 
disappeared from the universe without leaving behind it any 
equivalent ? Is it lost for ever, and utterly wasted ? 

When the stone began to mount it contained, in virtue of 
its velocity, an amount of energy which, by means of appro- 
priate contrivances, might have been spent in grinding com, 
or pumping water, or turning a wheel, or in a variety of use- 
ful ways, instead of which we have allowed the stone to 
mount against the force of gravity as far as it will rise. Have 
we now lost for ever the opportunity of utilizing this energy of 
the stone ? Far from it. Doubtless the stone is at rest on the 
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top of the house, and hence possesses no energy of motion ; but 
it nevertheless possesses energy of another kind, in virtue of its 
position ; for we can at any time cause it to drop down upon a 
pile, and thus drive it into the g'round, or make use of its 
downward momentum to g^rind corn, or to turn a wheel, or in 
a variety of useful ways. 

It thus appears that when a stone which has been projected 
upwards has been caught at the summit of its flight, and 
lodg^ed on the top of a house, the energy of actual motion with 
which it started has been changed into another form of energy, 
which we denominate Energy of Position or Potential Energy, 
and that by allowing the stone again to fall we may change 
this energy of position once more into actual energy, so that 
the stone will reach the ground with a velocity, and hence 
with an energy, equal precisely to that with which it was 
originally projected upwards. 

There are, therefore, two kinds of energy which are being 
continually changed into one another, and these are the energy 
of actual motion (or kinetic energy^ and the energy of position 
(or potential energy). As an example of the first kind we have 
a stone projected vertically upwards, or indeed projected with 
velocity in any direction ; for it is the velocity which is material, 
and not the direction of motion, since by means of appropriate 
contrivances we may utilize a horizontal velocity as much as a 
vertical one. 

Again, as an instance of the second kind of energy, we have 
a stone on the top of a house, or any substance, such as a 
head of water, occupying a position of advantage with respect 
to gravity, or any other force. 



Lesson XIV. — Varieties of Energy. 

1011. Energry due to Gravity. — In the preceding lesson 
we defined energy to mean the power of doing work, and 
we foiind that this working power might be exhibited in 
two ways ; being in the first place possessed by a body 
in actual motion, and in the second place by a body which 
occupies a position of advantage with respect to any 
force. These two types were illustrated with reference to 
the force of gravity. Thus a stone has a letvdetve^ Vo ^;a^ 
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towards the centre of the earth ; and if it be removed as far 
as possible from this centre, it may be said to occupy a position 
of advantagfe with respect to the force of gravity, as for in- 
stance if it be lodged on the top of a house. Again, when the 
stone is in the act of falling from the top of the house, this 
energy of position, or potential energy, undergoes reconversion 
into that of actual motion or kinetic energy, until at length 
when the stone once more reaches the ground it does so with 
the very same velocity with which it was originally projected 
upwards. 

103. Varieties of Energy. — But there are other forces 
besides gravity, and one of the most active of these is chemi- 
cal affinity. Thus, for instance, an atom of oxygen has a very 
strong attraction for one of carbon, and we may compare 
these two atoms to the earth and the stone in the illustration 
given above, the difference being that both atoms are very 
small, much of the same mass, and attract one another at 
insensible distances only. Nevertheless, within certain limits 
this attraction is intensely powerful, so that when an atom of 
carbon and one of oxygen have been separated from each 
other, we have a species of energy of position just as truly as 
when a stone has been separated from the earth. Thus, by 
having a large quantity of oxygen and a large quantity of 
carbon in separate states, we are in possession of a large store 
of energy of position. Now we have seen that when we 
allowed the stone and the earth to rush together, this energy 
of position was transformed into that of actual motion, and 
ultimately into heat, and we should therefore expect some- 
thing similar to happen when the separated carbon and 
oxygen are allowed to rush together. This takes place when 
we burn coal in our fires, and the ultimate result, as far as 
energy is concerned, is the production of a large amount of 
heat. We are therefore led to conjecture that heat may be 
due to a motion of particles on the small scale. We are 
further led to think that when we use this heat wherewith to 
work our engine, we may be utilizing a species of energy of 
motion just as truly as when we employ the energy of motion 
of water to drive our mills, or the energy of motion of a weight 
to drive a pile into the ground. 

It thus appears that we may have invisible molecular energy 
as well as visible mechanical energy, and before proceeding 
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further it may be desirable to gfive a short account of the 
various forms of energy both visible and invisible. 

For this purpose it will be convenient to divide the various 
energies as we know them into three groups. The first of 
these will be the group of Molar Energies, that is to say of 
energies on the large scale ; and this will embrace two 
varieties, namely (i) the energy of molar motion^ and (2) the 
potential energy of niolar arrangements. 

The second of these will be the group of Heat Energies, 
consisting (3) of the kinetic (molecular) energy of absorbed heaty 
(4) of (molecular) separation^ and (5) of radiant light and heat. 

The third of these will be the group of Electrical and 
Chemical Energies, consisting (6) of electrical separationy (7) of 
electricity in motion y and (8) of chemical separation. We may 
call these Aton&ic Energies. 

104. Molar Energry of both kinds (i) and (2). — First, with 
regfard to kinetic energy, we have that of a cannon-ball, or of 
a meteor, or of a gale of wind, or of a flowing river. Then 
of that which is due to position we have a head of water, 
a stone at the top of a cliflF, a cross-bow bent (which is in a 
position of advantage with regard to the elastic force of the 
bow), a clock wound up, and so on. 

105. Heat Group : Absorbed Heat and Molecular Sepa- 
ration (3) and (4). — To come now to molecular energy, we 
have that well-known form of it which we call heat. When a 
body is greatly heated we have reason to believe that its 
particles are in a state of rapid motion among themselves, 
although the body as a whole is at rest. But what in this 
case is latent heat, for (as we shall afterwards see) it requires 
a large amount of heat to convert boiling water into steam, 
notwithstanding which the steam is no hotter than the boiling 
water? In such a case we have reason to believe that much 
of the species of energy which we call heat has passed from 
the form of energy of motion into energy of position, and 
spent itself in forcing the particles of water to a great distance 
from each other, just as a stone, thrown upwards and lodged 
on the roof of a house, has spent its actual energy in separating 
itself from the earth, and has thus acquired an equivalent in 
energfy of position. We may perhaps compare the heating 
of a particle to a man whirling round his head a heavy weight 
attached to his /la/id by a thick india-rubber slt\tv^. ^ax\. oil 
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his energy will be spent in imparting" velocity to the weight, 
and part also in stretching the string. The first is a kinetic, 
the latter a potential form of energy. Thus we have in the 
molecular world, as well as in the molar world, energy of 
motion and energy of position. We may carry the analogy 
yet a step further. In the visible mechanical world, whenever 
a body is in rapid motion, part of its energ^y is carried off by 
the air in the shape of sound and other motions of the air. 
Thus when a string vibrates or a bell is struck, the sound 
which reaches us represents so much of the energy of the 
moving particles which has been carried off by the air. 

106. Radiant lai^lit and Heat (5). — Now there is a medium 
pervading all space, which we call the ethereal medium, and 
which carries oflF part of the energy of motion of molecules, 
just as the air does in the case of large moving bodies. Thus 
the molecular energy which we have now described as heat is 
gfiven out by a hot body to this medium which surrounds it, 
and by it is transmitted in a series of waves, moving at the 
enormous rate of 186,000 miles in one second of time. This 
undulatory energy is known as radiant light and heat. 

107. Electrical and Chemical or Atomic Group : Electrical 
Separation (6). — Besides the kinds of invisible energy now 
mentioned, we have those very important forms of it con- 
nected with electricity and chemical affinity. Thus when two 
bodies charged with opposite electricities are apart from one 
another, we have a species of energy due to the position of 
advantage occupied by these bodies as respects electrical 
force, and the bodies will have a tendency to rush together, 
just as a stone at the top of a cliff has a tendency to rush to 
the earth. Now, if they be allowed to meet one another, their 
energy of position will be converted into that of visible molar 
motion, just as when the stone is allowed to drop from the 
cliff its energy of position is converted into that of visible 
motion. 

108. Electricity in Motion (7)^— We come next to the 
energy represented by electricity in motion. Whenever an 
electric circuit has been completed, there is a power or energy 
pervading it which we term the electric current ; and if part 
of the circuit be formed of a metallic wire, we can by its 
means convey this power into any place we choose, and as it 
were lay on so much energy which, properly applied, may be 
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instrumental in doing useful work. Thus, while in ordinary 
cases the work is done by the side of the engine, in the case 
of an electric current we may have the battery or source of 
energy by our side, and by means of conducting wires perform 
our work fifty miles away. 

109. Clieinical Separation (8). — Finally, that description 
of energy represented by chemical separation has been already 
referred to and illustrated in the case of carbon, which we 
supposed separated from oxygen, for which it has an intense 
attraction. 

Let us now briefly recapitulate what has been said regard- 
ing the various forms of energy. 

We have, in the first placCy visible mechanical or molar 
energfy, both actual and potential ; in the next place, we have 
the heat group of energies — sensible heat probably represent- 
ing an energy of motion of molecules, and latent heat denot- 
ing rather an energy of position of molecules : while belong- 
ing to this group we have also radiant light and heat ; thirdly ^ 
we have the electrical and chemical group or the atomic 
g^-oup of energies, embracing that form of energy of position 
which is represented by the separation of differently electrified 
bodies, embracing also electricity in motion ; and lastly^ be- 
longing to this group, we have that form of energy of position 
represented by the separation of bodies having a strong 
chemical affinity for each other. Let us here impress upon 
the reader that this classification is merely one of convenience. 
It has no pretence to finality, but simply serves to formulate 
our present knowledge of the various kinds of energy. In 
proof of this we may mention that we have classified the 
energy of a cross-bow bent under the head of molar or visible 
energy of position. Nevertheless its energy, being due to 
elasticity, might with equal justice be classified as a variety 
of molecular energy. 

The remainder of this work will be chiefly devoted to a 
description of these various forms of energy, and of the laws 
according to which they are transmuted into one another. 
In the meantime let us describe the great principle which 
governs all such transmutations. 
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Lesson XV.— Conservation of Energy. 

no. Perpetual Motion Impossible. — The most important 
principle connected with this subject is that known as the con- 
servation of energ-y. 

The production of a *' perpetual motion " has long* been one 
of the dreams of enthusiasts. 

Their great ideal of mechanical triumphs was a machine 
that, without requiring to have any labour bestowed upon it, 
or to be fed with fuel of any kind, should continue to perform 
work for ever ; a clock which could wind itself up, or an 
engine that could go on without coals, would be a machine 
of this description. In their endeavours to attain their ob- 
ject the advocates of a "perpetual motion" must often have 
started questions to which the natural philosopher is not 
always able to reply. We do not know all the properties of 
matter, and we are not always able to predict what will hap- 
pen under every conceivable combination of natural forces. 
At last, in an inspired moment, the philosopher conceived 
the idea of replying to all the questions of the enthusiast by 
denying the possibility of perpetual motion, and by asserting 
that it is just as impossible either to create or destroy energy 
as it is to create or destroy matter. Now, it is clear that the 
only way of establishing the truth of a principle of this kind 
is by trying it in a number of cases ; and if it succeeds in 
explaining the peculiarities of each case, we have strong 
grounds for believing in its truth : it is a tree that must be 
tested by its fruit. The principle of the conservation of 
energy has stood the test, and not only so, but it has also 
greatly assisted us in finding out new facts and laws of 
matter, so that we have much reason for believing in its 
truth. 

111. Motion of a Stone.- Let us first of all apply it to 
the case of a stone projected vertically upwards, and to 
simplify matters, let us suppose that the stone weighs exactly 
one kilogramme, and that its velocity of projection is that of 
19*6 metres in one second, which, as we have seen, represents 
19*6 units of work. Let us consider the state of things at 
the precise moment when the stone is 14*7 metres high ; it 
wiJJ then have an actual velocity of 9*8 metres per second 
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(Art. 46), which, as we have seen, will represent 4*9 units 
of work. 

But it started from the g-round with 19*6 units of work in 
it : what, therefore, has become of the difference, or 14*7 
units ? 

Evidently it has disappeared as actual energy ; but the 
stone, being* 14*7 metres high, has acquired in its pl^ce an 
enerjgy of position represented by 14*7 units, so that at this 
precise moment of its flight its actual energy (4*9), plus its 
energy of position (14*7), are together equal to the whole 
energy (19*6) with which it started. 

Thus, as the stone mounts up, there is no annihilation of 
energy, but merely the transformation of it from actual energy 
to that implied by position ; nor have we any creation of 
energy when the stone is again on its downward flight, but 
merely the retransformation of the energy of position into the 
original form of actual energy. 

1111. Energ^y is not Destroyed by Impact. — We have 
thus gauged the energy of the stone throughout its upward 
and downward flight, and have found this to be strictly con- 
stant. We have not yet, however, done with the case of the 
stone ; in fact, the most difficult part of the whole problem 
yet remains to be solved ; for what becomes of the energy of 
the stone after it has struck the earth ? This question may 
be varied in a great number of ways. We may, for instance, 
ask what becomes of the energy of a railway train when it is 
suddenly stopped ? what becomes of the energy of the ham- 
mer after it has struck the anvil ? of the cannon-ball after it 
has struck the target ? and so on. 

In all these varieties of the question we perceive that 
^ixiher percussion ov friction is at work. It is friction that stops 
a railway train, and it is percussion that stops the motion 
of a falling stone or a falling hammer, so that our question is, 
in reality. What becomes of the energy of visible motion when 
it has been stopped by percussion or friction ? 

113. It is then converted into Heat. — Rumford and Davy 
were the pioneers in replying to this important question. 
Rumford found, during the process of boring cannon at 
Munich, that the heat generated was sometimes so great as 
to cause water to boil, and he supposed that ordvv\aj:'^ vcv^i- 
chanical work became changed into heat tVvrou^Vv \}tv»i itvcNAOw 
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produced in the process of boring. Davy, again, melted two 
pieces of ice by causing them to rub against each other, and 
he likewise concluded that the work spent on this process 
had been converted into heat. We see now why, by ham- 
mering a coin on an anvil, we can heat it very greatly, or why 
on a dark night the sparks are seen to fly out from the 
brake-wheel which stops the motion of the railway train, or 
why by rubbing a metal button violently backwards and for- 
wards against a piece of wood we can render it so hot as to 
scorch the hand, for in all these cases it is the energy of 
visible motion which has been converted into heat. There 
has, in fine, been an annihilation of visible energy, simul- 
taneously with the creation of so much heat. 

114. Mechanical Bquivalent of Heat. — Grove in this 
country, and Mayer on the Continent, were the first to point 
out the probability of a connection between the various 
forms of energy ; but it was reserved for Joule, Colding, 
Thomson, and others to establish these relations on a 
scientific basis. 

The researches of Joule led him to the exact numerical 
relation subsisting between that species of energy which we 
call visible motion and that which we call heat. 

The result of his numerous and laborious experiments was 
that, if a kilogramme of water be dropped from a height of 
424 metres under the influence of gravity, and if the velocity 
which it attains be suddenly stopped by the earth and con- 
verted into heat, this heat will be sufiicient to raise the whole 
mass I** centigrade in temperature. From this he concluded 
that when a kilogramme of water is raised 1° centigrade in 
temperature, an amount of molecular energy enters into the 
water which is equivalent to 424 kilogrammetres ; that is to 
say, to 424 units of work. By this means an exact relation is 
established between heat and work. 

115. palvanic Circuit. — No better example of the con- 
nection between the various kinds of energy can be given 
than what takes place in a galvanic battery. Let us suppose 
that zinc is the metal used. Here the source of energy is in 
reality the burning of the zinc, or, at least, its chemical com- 
bination with oxygen, in order to form a salt of zinc. The 
source of energy is, in fact, much the same as when coal is 
burned in the fire. Now, as we have said, the zinc combines 
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with the oxyg^en, and a salt of zinc is produced ; but the 
actual energ-y called forth by the union does not at first 
exhibit itself in the form of heat, but rather in that of an 
electric current. 

No doubt a larg-e portion of the energ-y of the electric cur- 
rent is ultimately spent in heat, but we may, if we choose, 
spend part in promoting" chemical decomposition ; we may, 
for instance, decompose water. In this case part of the 
energy of the battery, derived as has been stated from the 
burning* of the zinc, is spent in heat, and part in decomposing 
the water, and hence we shall have less heat than if there 
were no water to be decomposed. But if when we have de- 
composed the water we mix together the two gases — hydro- 
gen and oxygen — which are the result of the decomposition, 
and explode them, we shall recover the precise deficiency of 
heat. Without the decomposition, the burning in the battery 
of a certain weight of zinc will give us, let us say, heat equal 
to 100, while with the decomposition we shall only obtain 
80 ; twenty units of energy have therefore become spent in 
the decomposition ; but if we explode the mixed gas we shall 
get back heat equal to 20, and thus make the whole result of 
the burning of the zinc 100 units of energy as before. But it 
is unnecessary to enter at present into great detail regarding 
the various changes of energy from one form into another ; 
suffice it to say, that amid all these changes of form the element 
of quantity remains the same, so that if we adopt the notation 
of alg^ebra, and denote by Sy /, «, Vy w, Xy j, Zy the quantity of 
energy of the eight varieties already mentioned as present 
in the universe, these letters representing variable quantities, 
then we shall always have s^-t + u + v^-w+x+y-^-z^^ a 
constant quantity ; that is to say, while // may change into v 
or into w, and, in fact, while the various forms of energy may 
change into each other, according to the laws which regulate 
such changes, nevertheless the sum of all the energies present 
in the universe will always remain constant in amount ; and 
this is the doctrine known as the Conservation of Energy, 

116. Function of a Machine. — To realise the truth of 
this doctrine, let us take one of the ordinary mechanical com- 
binations, such as a system of pulleys (Fig. 40), and see what 
we g'ain by its employment. 

In this system there aire two blocks, the lower owe vwoN^V'a 
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and the upper one fixed ; while the same string goes round 
all the pulleys. 

The power p is applied to the extremity of this string, so 
that the tension of all parts of this string is equal to the 
weight of p. 

Now w is supported by six strings : hence we see that W 
must be six times as great as p in order that there 
may be equilibrium. 

Suppose, now, that p is equal to i, and W to 6 
kilogrammes, and that p is pulled down 6 metres, 
we have thus spent a quantity of energy upon 
the machine represented by i x 6 = 6. Our gfain 
is that we have caused the weight W of 6 kilo- 
grammes to rise, but in order that the law of the 
conservation of energy should hold good, w ought 
not to rise higher than one metre ; for if it did, we 
should get back more energy than we had spent 
upon the machine. Now it will readily be seen 
that the rise of w will be 6 times less than the fall 
of p, because w is supported by six strings, while 
P is only supported by one ; therefore by lower- 
ing p through six metres, each of these strings 
of w, and hence w itself, will be raised one metre ; 
and hence the gain of energy by the raising of W 
into a position of advantage will be^ x i = 6, 
or precisely what was spent in lowering P. 

We thus see that in such a machine what we 
gain ill force we lose in space. 

The same law will hold for the Bramah Press 
Fig. 40. (Arts. 71 and 72). 

In this case, if the area of the two pistons be 
as I : 100 and a weight of 10 kilogrammes be applied to the 
small piston, it will raise 1,000 kilogrammes if put on the large 
one ; but since the volume of water remains constant, the rise 
of the larger piston will only be yiiyth of the fall of the smaller. 
Now, if the smaller piston falls one metre with a weight of 
10 kilogrammes, we have spent 10 units of energy on our 
machine. 

But the large piston containing 1,000 kilogrammes will have 
risen j^^th of a metre, so that we shall have recovered by its 
rise an amount of energy equal to 1,000 x -^^ = lo ; that is 
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to say, neither more nor less than the 10 units of energy which 
we spent. 

Here, too, therefore, and indeed in all machines, we do not 
create energ^y, but simply transform it into a kind more con- 
venient for us, and the law holds universally that what we gain 
in force we lose in space, so that the power multiplied by its 
space of descent is always equal to the weight multiplied by its 
space of ascent. 

116a. Iiines of Force. — The great importance of energy and 
ts laws has given rise to a method of viewing forces with 
which it is desirable that the student should become familiar. 

Let us take as an example terrestrial gravitation, and sup- 
pose for the sake of simplicity that the earth is a perfect 
sphere, and that the value of the force of gravitation at all 
points of its surface is the same. 

Let us further imagine that gravitation acts by means of a 
g^eat number of strings which pass from the surface to the 
centre of the earth, and which therefore pull a heavy body 
such as a kilogramme (taking this as our unit of mass) towards 
the centre. These strings we may imagine to be very close 
together, and at the same time to be evenly distributed over 
the earth's surface and all pulled with the same force. Each 
little portion or molecule of our kilogramme will thus, let us 
imagine, have a string attached to it, and the weight of the 
kilogramme will be due to the united pull of these various 
strings. 

Suppose now that we carry our kilogramme to a distance 
twice as far removed from the earth's centre as its present 
surface. A little reflection will convince us that at this double 
distance only one-fourth of the previous number of strings will 
now pass through the kilogramme. For it is evident that inas- 
much as the strings proceed radially outwards they are now, at 
this double distance, spread over a surface four times as great, 
and hence that the number intercepted by the kilogramme 
will be only one quarter of that which it was at the earth's 
surface. The pull upon the kilogramme will be therefore only 
one-fourth of what it was, and this we know is the case be- 
cause gravity varies nversely as the square of the distance. 
It would thus appear that by this way of looking at things the 
intensity of the gravitating force acting upon the kWo^t^vcvvcv^ 
is represented by the number of strings "wVvvcVv ipass \>cvtq>\^^ 

1$. % 
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its particles, or in other language by the number of lines of 

force. 

It is likewise evident that if the kilogramme be allowed to 

move the direction of its motion will be along these lines of 
force towards the earth's centre. 

In this case the lines of force are straight lines, but in the 
case of magnetism and electricity, as we shall afterwards see, 
the lines of force are curved lines. 

116b. Equipotential Surfaces. — Suppose that we make a 
surface pass through all those points that are at the same gra- 
vitation level, such a surface will be an Equipotential surface. 
The surface of the ocean is such a surface, and while the force 
of gravity acts on a particle of ocean water in a direction per- 
pendicular to this surface, there is no force at all which acts 
upon it in the plane of the surface urging it to go from one 
point to another of that plane. (We are not of course discuss- 
ing here the action of the winds or tides.) But it maybe said — 
Why call this an equipotential surface ? Why not rather call 
it a level surface, or a surface all of whose particles are at the 
same level? Why use the word equipotential in order to 
express the character of the surface ? Now this is a point 
which requires some explanation. 

Suppose that we have a lake whose surface is one metre 
higher than that of the ocean — its surface will likewise be an 
equipotential surface, but the value of its potential will be dif- 
ferent from that of the ocean, and these two surfaces will be 
related to one another after the following manner. In order 
to carry unit of mass, i,e,^ one kilogramme, from any part of 
the lower level to any part of the higher, it will be necessarj' 
to expend unit of work, or one kilogrammetre, in performing 
the operation. 

It is this element of work that enters into the conception of 
equipotential surfaces. To exemplify this let us consider an 
imaginary equipotential surface twice as far from the earth's 
centre as the present ocean surface, and let there be another 
such surface a metre above it. As far as perpendicular sepa- 
ration is concerned, the two nearer sets of surfaces, i.^., the 
ocean surface and that of a lake one metre above it, are pre- 
cisely analogous to the imaginary and more distant surfaces. 
Inasmuch however as for the latter the force of gravity is only 
one-fourth of what it is for the former \t wvU require, in order 
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to carry the unit of mass from the lower to the higher distant 
level, only one-fourth of the work that would be required to 
carry it from the lower to the hig-her level at the surface of the 
earth. As far as potential energy is concerned it will therefore 
be necessary to make the distant surfaces four metres apart in 
order that they may be comparable to the nearer surfaces. 

In fine, we should draw our equipotential surfaces at such 
distances from each other that it will be necessary to spend 
unit of work in order to carry unit of mass from any one to 
that next above it. 

This idea of work or energy is the true scientific idea, 
while that of perpendicular distance measured by the plumb 
line is not so. 

Indeed it will be afterwards seen that we have equipoten- 
tial surfaces with respect to electrical forces as well as for the 
force of gravity, and that for such forces we may have two 
surfaces very near each other and yet possessing very differ- 
ent electrical levels or potentials, or two surfaces, one vertically 
above the other, and yet possessing the same electrical level 
or potential. And in electricity, as well as for gravity, we 
may measure the difference of potential or level by the 
amount of work required to carry an electrical unit from the 
one electrical level to the other. 

On the other hand, measurement of differences of elec- 
trical level by means of the plumb line would be absurd. 
We may therefore generalise as follows, so far as gravity is 
concerned : — 

(a) It requires no expenditure of work to carry unit of 
mass from one point to another of the same equi- 
potential surface. 

(b) When there are two equipotential surfaces, such that 

it requires the expenditure of unit of work to carry unit 
of mass from the one level to the other, then the differ- 
ence between these equipotential surfaces may be re- 
garded as unity. 
116c. The Er^. — Inasmuch as the laws of energy are of 
predominant influence in the science of Physics, it is desirable 
that our mechanical unit of work should be related to our 
other units in as simple a manner as possible. Hitherto this 
has not been the case, for our unit of work, or the kilogram- 
metre, represent the expenditure of energy uecessiwc-^ Vo ^^nsc 
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one kilogramme through one metre against the force of 
gravity. 

The unit of work in the C.G.S. system is defined as 
follows-: — 

The tmit of work is the work necessary to move a body through 

one centimetre against a dyne. 
This unit of work is called the erg. 

The following example will enable the student to perceive 
the relation between these units and those that we have 
hitherto used : — 

Example, — What is the value in the C.G.S. system of the 
energy represented by one kilogrammetre ? 

Answer, — In one kilogramme there are i,ooo grammes. 
Hence the value in the C.G.S. system of the weight of i,ooo 
grammes will be 981,000 dynes. Now we have to move against 
this force for one metre or 100 centimetres, and since the erg 
denotes motion for one centimetre against unit force, the value 
of one kilogrammetre will be 981,000 x 100 = 98,100,000 ergs. 



CHAPTER IV 
MOLAR ENERGY AND ITS TRANSMUTATIONS 

Lesson XVI. — Varieties of Molar Energy 

117. Kinds of Eneriry. — By molar energy we mean the 
energfy of motions and arrangements on a large scale. Thus, 
for instance, a cannon-ball during its flight, or a flowing river, 
form examples of such motion, and a stone on the top of a cliff 
is an example of such an advantageous arrangement as far as 
energy is concerned. To begin with the first description of 
energfy, or that due to motion on the large scale ; there are 
many varieties of this. Thus we have, first of all, the energy 
of a body in actual visible linear motion^ such as a railway train, a 
cannon-ball, a gale of wind, a stream of water, a meteor. 

But there is also the energy due to rotatory* motion ; as, for 
instance, that of a top in rapid rotation, or that of the earth in 
its rotation round its axis. 

In the next place, there is the energy of oscillatory and vibra- 
tory motion ; in the former category we may place the 'motion 
of a pendulum, while the string of a musical instrument is a 
very good illustration of the latter. The whole phenomena of 
sound are to be included under this last head, for although the 
vibrations of sounding bodies are sometimes so rapid as to be 
invisible, yet they result from an arrangement and motion of 
particles on t*he large scale, and not from strictly molecular 
motions and arrangements, as is the case with that species of 
vibration which forms light. 
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Lastly, we have \h(i potential energy of a body occupying a 
position of visible advantage with respect to some force. If 
the force be that of gravity, we have the energy of a stone at 
the top of a cliff, of a head of water, of a clock wound up, and 
so on ; or again, if the force be that due to elasticity, we have 
the energy of position of a cross-bow bent, or of a spring 
stretched, with many other similar instances. 

Now, under certain conditions, these various forms of visible 
energy are transmuted into one another, while under other 
conditions they are transmuted into the various forms of 
molecular energy : but as these last will form the subject of 
future chapters, we shall at present mainly confine ourselves 
to a description of the various forms of visible energy and their 
transmutations into one another. 

118. lainear Velocity. — Let us begin with the energy of a 
rifle-balL In its rapid flight through the air the ball imparts 
some of its motion to the particles of air with which it comes 
in contact ; but neglecting this in the meantime, let us sup- 
pose that it ultimately strikes a heavy mass of wood hung by 
a string, and so forming a pendulum, in the centre of which it 
lodges. 

Let us suppose that the weight of the ball is 20 grammes 
and its velocity 200 metres per second, and that the weight of 
the heavy block of wood in which it lodges is 20 kilogrammes. 
Before impact the momentum of the ball was 20 x 200 = 4,000, 
if we adopt the metre as our unit, representing a mass equal 
to 20 moving with a velocity equal to 200. After the impact 
we have, of course, the same momentum of 4,000, but it will 
now represent a mass equal to 20,020, moving with a velocity 
equal to 0*2 nearly. 

Now, according to the method of estimating energy (Art. 
100), that of the ball before impact will be 

^° x(??°)'=40-8 



1,000 19*6 

nearly, whereas after impact the energy of the united mass 
(ball ////J pendulum) will be 



20 



^° X (2:^/ = 0-0408. 



1,000 19*6 
We thus see that although in conformity with the third law of 
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motion the montenUim is presented,, yet the energy after impact is a 
thousand times less than the energy before, so that most of this 
energy has disappeared from the categ-ory of visible motion. 
Into what form, therefore, has it been transmuted? We 
answer, the ball has worked its way into the heart of the log- of 
wood. In doingf so, its energ-y has been spent in accomplish- 
ing the disintegration of the log of wood ; it has, in fact, been 
spent ag'ainst a species of friction or resistance opposing its 
passag-e, and it will be found that the production of heat has 
been the result. So that in this case the result of the trans- 
ference of a quantity of momentum from a small to a large 
mass has been the conversion of visible energy into heat. 

119. Resistance of Air. — So in like manner the momentum 
originally communicated to the air by the passage of the ball 
g^dually becomes distributed over larger and larger masses 
of air, and in this process the forward momentum in the 
direction of motion of the ball is strictly preserved, but the 
energy represented by this momentum becomes less according 
as the moving mass of air becomes greater. As we know 
there is no loss of energy, we conclude that it has passed 
into heat ; and could we only perform the experiment, we 
should find that when the disturbance produced in the air 
by the ball had become so spent as to be insensible, there 
would be a certain increase of temperature, representing the 
energy derived from the ball. 

We are thus prepared to recognise an extension of the first 
law of motion ; for, in the first place, when the moving body 
is not acted upon by any external force it will continue 
moving for ever with a uniform velocity, neither losing 
momentum nor energy ; while, again, if it be acted upon 
by some external force, such as the resistance of the air, it 
loses both momentum and energy ; and while the momentum 
which it loses is being communicated to larger and larger 
masses of air, and is thus preserved, the energy lost by 
it ultimately takes the shape of heat, and is thus preserved 
likewise. 

120. Impact of Inelastic Bodies. — Let us now vary the 
case by considering two inelastic solids A and b (Fig. 400:) 
moving in opposite directions along D c striking against 
each other. Let the one weigh 20 grammes, and have a 
velocity equal \o 20, and let the other we\gVv 10 ^takXWKve.'^i^ 
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and have a velocity of lo in an opposite direction ; we 
have thus a momentum equal to 400 in one direction, and 
one equal to 100 in the opposite, giving" an excess in the 
direction of motion of the larger solid equal to 400 - 100, or 



20 



D 




10 



^ 



10 



Fig. 40a. 

300. Now this residual momentum must be preserved after 
impact by the third law of motion, and hence the united mass, 




4 
^^^ > 



Fig. 40/'. 



or 30 (for the balls, being inelastic, will move together), will, 
after impact, move with a velocity equal to 10. But the united 
energy before impact was : 



20 



(20)S 



10 



(io)2 



— X -^' + X ^ — ^ =0.450, 

1,000 19*6 1,000 19.6 ^^* 



and that after impact is only 



30 



- X 



1,000 



(I0)2 

5^ '- =0*153. 

19-6 ^^ 



What, therefore, has become of the remainder of the 
energy? We reply, as before, it has been transmuted into 
heat. It would thus appear that the collision of inelastic balls 
results in a transfer of visible motion into heat. 

Ifll. Impact of Elastic Bodies, — But the case is altered if 
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the balls be ptrfectly elastic^ for there ia then no transmutation 
into heat, but the energy of visible motion is preserved as well 
IS the ntoitttnlitm, and is the same both before and afler 

For example, let two perfectly elastic balls A and B (Fig. 
40*) weighing respectively 4 and 3 kilogrammes, moving 
in the same direction d c, with velocities 5 and 4, impinge 
against each other, then we know, by the laws of elastic 




bodies, that after i 
ball will be Z9/7, i 
Vbh. Now, in the 



ipact the velocity of the first or largest 
nd that of the second or smallest ball 
irst place, the momentum before impact 



while after impact il 



f)-(- 



>;ctcllv eb'^tic 



I 
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which is the same as before. Also the energ-y before impact 
was 

\^ ^ l^e) + V i9^i ~ 19-6' 
while that after impact is 

V 19-6 / V 19-6 J 19-6 

also the same as before. Wherefore both the momentum and 
the energy are unaltered by impact. 

The most interesting case of impact is when one elastic ball 
strikes centrically another of the same size at rest, in which 
case the first ball entirely loses its motion, which is transferred 
to the second. Therefore if we have a row of such balls 
(Fig. 4or) placed near each other, and if an impulse be com- 
municated to the first of them in the direction of the row, it 
will in time be transmitted along the whole series until it 
reaches the last ball, which will then (being the last) start oflf 
and leave the series. 

122. Energy of Rotation. — Let us next consider very 
shortly the case of a disc in rapid rotation. We have already 
(Art. 17) explained that such a motion implies g-reat force of 
cohesion, for the particles at the circumference of the disc 
have, by the first law of motion, a tendency to move in a 
straight line with a uniform velocity ; as, however, they move 
in a circle, they must be continually acted upon by some force. 
The tendency to rectilinear motion is in fact continually 
resisted by the force of cohesion, tending to prevent the 
separation of the particles of the disc, and the resulting motion 
is a compromise between the centrifugal tendency and this 
force. But while there is thus a continual change in the direc- 
tion of motion of a particle, the velocity will remain the same, 
for if the velocity of the various particles composing the disc 
were to change, it would imply that the energy of motion of 
the whole disc had changed also ; but this cannot be, for the 
disc will retain its energy unchanged by the law of the con- 
servation of energy, unless it be acted upon by friction or 
resistance, in which case the energy of the disc will be 
gradually transferred to the bodies rubbing against it. 
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And g-enerally speaking", wherever we have in nature a 
strictly circular orbit of particles round a central force we 
have a uniform velocity, and the energy due to visible moticn 
of the mass remains constant. 

123. Eneriry of a Body moving in an Ellipse. — Not so, 
however, if the orbit be elliptical. Let us consider, for 
instance, the motion of a comet — a body which describes 
a very elongated elliptical orbit, having the sun in one of its 
foci. 

Let the comet be farthest from the sun at B, and nearest 
him at A. Now the comet while moving from B to A, has 
gradually been approaching the sun, and the same thing will 
happen to it as when a stone falls to the earth. 

In this case we know that the energy of position of the 
stone is gradually changed into the energy of actual motion, 
and so in like manner the 
energy of position which the 
comet has at B (being there 
very far from the centre of 
gravitating force) becomes 

changed as it approaches the Fig 4^. 

sun into the energy of actual 
motion, until at A it is moving with a very great velocity ; 
it has in fact fallen towards the sun, from the distance B s to 
the distance A s, and its increase of energy will be that which 
would be acquired by a body of its own weight falling directly 
towards the sun from a distance B s to one A s, without any 
regard to the path by which it has passed from the one posi- 
tion to the other. The same thing takes place in the case of 
the earth and the other planets. Thus, when the earth is 
nearest the sun it is moving fastest. If we assume the greatest 
distance of the earth from the sun to be 92,965,000 miles, and 
the least distance 89,895,000 miles, the difference, or 3,070,000 
miles, represents the distance through which the earth has 
fallen towards the sun ; the energy of actual motion of the 
earth will therefore be greater at perihelion^ or at A, than at 
aphelion^ Or at B, by that due to the mass of the earth falling 
through 3,070,000 miles under the attraction of the sun's 
gravitating force. 

UkA, Energy of a Body falling doi^m a Plane. — TV\e. 
laws of energy enable us to determine at once \.Vv^ >j^qca\?3 
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acquired by bodies falling down inclined planes or curved 
paths. 

Let us, for instance, suppose that a body P (Fig-. 41a) slides 
or rolls down a smooth plane, of which the friction may be 

neglected, and let the vertical 
height of the plane be 10 metres. 
The body is therefore nearer 
the centre of the earth by this 
amount at the end of its journey 
Fig. 4t«. than at the beginning, and with- 

out regard to the slope or 
curvature of the journey through which it has passed, its 
energy of position will at the end of this journey be less, and 
its actual energy greater by the precise amount which would 
be acquired by the body if it fell directly downwards to the 
earth's centre through the space of 10 metres. We thus 
reproduce the well-known proposition in mechanics which 
fel/s us that the velocity of a body which has slid down an inclined 
plane depends only upon the vertical height of the plane^ without 
regard to its slope. 

If, however, the plane be rough, or if it be made up of a 
series of inclined planes at definite angles to one another, 
this proposition will no longer hold, for in a rough plane part 
of the energy is lost through friction, and in the case where 
the slope changes suddenly, part is lost by oblique impact at 
the angles of the plane. 

125. Molar Energry of PoBition. — We have already in 
our remarks on energy alluded sufficiently to molar energy 
of position. This kind of energy is exhibited by a stone at 
the top of a cliff, by a head of water, or by a clock wound up, 
if gravity be the force ; it is also exhibited by a cross-bow 
bent, or by a watch wound up, both of which occupy a 
position of advantage with reference to the force of elasticity^ 
All these forms of potential energy are naturally transmuted 
into molar energy of motion. Thus the stone is hurled over 
the cliff, the head of water is used to drive a mill-wheel, the 
clock-weight drives the clock- wheels, the cross-bow discharges 
its bolt, the watch-spring drives the watch-wheels, and so 
on. 

126. Energy of Pendulum. — We come now to consider 
tlie case of oscilialory and vibratory motions. In these the 
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energy of the body is alternately that due to actual energy 
and that due to position. 

Let us take a pendulum, as the simplest instance of oscilla- 
tory motion. When the bob of the pendulum is at the summit 
of its oscillation, and about to turn, its position is similar 
to that of a stone which has attained the summit of its flight 
and is about to fall ; in both cases the energy is entirely due 
to the position of advantage which the body has attained with 
regard to the force of gravity. When, again, the bob of the 
pendulum has reached its lowest point, all its energy of 
position has been converted into that of actual motion, 
and it is then moving with sufficient velocity to enable it 
to rise (were there neither friction nor resistance) to a height 
equal to that through which it has fallen, but on the other 
side of the vertical. When it has attained the summit of 
its swing on this side its energy, as before, has become 
converted into that of position, and it begins to descend once 
again ; and so on it goes swinging alternately from left to 
right and from right to left, always moving fastest as it passes 
its lowest point, and at the summit of its swing having only 
energy of position. We can at once, by means of the laws of 
energy, determine the velocity of such a pendulum at any point 
of its oscillation, as will be seen from the following example. 

Example. — A pendulum bob weighing one kilogramme is 
so swung that it is higher from the centre of the earth at the 
summit of its oscillation than at its lowest point by the space 
of one decimetre ; what is its velocity at its lowest point ? 

Answer, — Its eturgy is precisely that which will be ac- 
quired by one kilogramme falling through the space of one 
decimetre under the influence of gravity ; that is to say, it 
will be o*i if unity denote the energy acquired by one kilo- 
gramme falling through one metre, and hence its velocity (Art. 
100) will be found from the equation 7/^li<^'6 = o*i whence 
V = I "4 ; this, therefore, is the velocity acquired by the 
pendulum at its lowest point. 

127- FoucanlVs Experiment.-rLet us now supposes our 
pendulum to consist of a heavy weight, suspended by a fine 
thread, the only influence of the thread upon the pendu- 
lum being that due to its tension, which thus enables it to 
support the weight and keep it swinging. It is clear that the 
oscillations of such a pendulum will always cowXaww^ Vo \i^ 
performed in the same vertical plane. We may, iot vcvs.\ax\cfcs 
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have the means of moving round the suspension pin to which 
the thread of the pendulum is attached, but we shall not succeed 
by this means in altering the plane of the oscillation. 

For not only is the actual motion performed in this plane, 
but the forces which vary the motion, namely, the tension of 
the string and the force of gravity, are all in the same vertical 
plane with the motion itself ; it is clear therefore that the 
motion will continue to be in this plane. 

Now imagine that we are standing at the very north pole of 
the earth, and we have there set our pendulum in motion in a 
plane passing through the meridian of Greenwich, G, Fig. 41^ : 
the motion of the pendulum will continue, as we have seen, to 
be performed in the very same plane in which it was started, 
but as the earth turns round its axis the different meridians 

turn with it, so that in six hours' time 
the vertical plane passing through 
the meridian of Greenwich will be 
at right angles to its first position. 
These meridians may be denoted by 
lines drawn on the ground under the 
pendulum, and at the earth's pole 
this system of lines will turn round 
their central point once in 24 hours. 
Not so, however, the plane of the 
pendulum's motion, which, as we 
have already seen, will remain sta- 
tionary, and the consequence will be 
that the meridian lines will move 
across the plane of motion of the 
pendulum ; or, which is the same 
thing, the plane of motion of the 
pendulum will appear to travel in the opposite direction round 
the system of meridian lines once in 24 hours, forming, as it 
were, a species of clock. 

We have chosen the pole for the sake of simplicity, the 
results being less simple if the pendulum be swung at any 
other latitude. This ingenious experiment was devised by 
Foucault in order to afford an independent proof of the rota- 
tion of the earth. The apparatus which he employed is shown 
in Fig. 41C. It consists of a very heavy pendulum bob suspended 
hy a fine steel wire about 50 feet long above a graduated table. 
The bob is drawn out of the vertical and VveVdb'^ atsXxm^. '^^Q\v«ci 




Fig. 4i3. 
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it is perfectly at rest the pendulum is freed by burning the string. 
In the course of an hour it will be clearly seen that the pendu- 
lum appears no longer to cross the graduated table along the 
same diameter. 

1S8. BuBTKy at VlfcraHon».— Let us now pass on to the 
case of vibratory motion, such as we see in the string of 
a musical instrument, or in a bell. This motion is very 
analogous to that of the pendulum. In vibratory as well 




as oscillatory motion the various particles of the body are 
alternately in a slate of energy due to actual motion, and of 
energy due to position ; (he particles vibrate alternately on 
both sides of their position of rest, and in passing through 
this position they are always, like the bob of the pendulum, 
moving fastest, and when they have attained the limit of 
(heir excursion, and are about to return, their energy of 
actual motion is nil, because it has been wVioW^ con'jertei. 
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into energy of position. There is another bond of similarity 
between a pendulum and a vibrating" body. Thus a pendu- 
lum gradually loses its motion from two causes ; the first of 
these being the resistance of the air, and the second the fric- 
tion of the support ; the motion lost through the air ultimately 
passes into heat, while that dissipated by friction ultimately 
takes the same shape. 

Now in a vibrating body part of the motion is carried off by 
the air, at first producing that audible undulation of the air 
which we call sound, but afterwards assuming the shape of 
heat ; part also is converted into heat through the friction or 
rubbing against each other of the various parts of the vibrat- 
ing body. 

Thus we perceive that the energy of visible vibrations is 
ultimately converted into heat, but not before it produces an 
undulatory motion, which affects the ear as sound. We shall 
study this undulatory motion at greater length presently ; 
meanwhile let us recapitulate the various kinds of molar 
energy which we have mentioned. 

129. Recapitulation. — Energies may be classified as fol- 
lows : — I. The energy due to actual rectilinear motion, 
ultimately converted at our earth's surface into heat through 
friction and resistance. 

II. The energy due to rotatory motion. 

III. The energy due to a body moving in an elliptical orbit, 
in which case there is a change from potential to actual energy, 
and back again in the various parts of the orbit, the body 
having most actual energy when nearest the centre of force, 
and most energy of position when farthest away from it. 

IV. The energy due to a stone on the top of a cliff, or to 
some body in a position of visible advantage with respect to 
some force. 

V. We have the energy of oscillatory motion, such as that 
of a pendulum, which is alternately energy of position and 
actual energy, but which through friction and resistance will 
ultimately be dissipated, and assume the form of heat. 

VI. There is the energy of vibration of a vibrating cord or 

plate, which is similar to that of an oscillating pendulum, 

inasmuch as the energy of each particle is alternately actual 

and potential, and which also ultimately assumes he form of 

heat. 



CHAPTER V 
SOUND 

Lesson XVII.— Undulations 

130. Deflnition of Acoustics. — That branch of physics 
which relates to sound is termed acoustics.^ 

The word ** sound " is used in common language some- 
limes to denote the physiological sensation caused in the 
organs of hearing by an aerial impulse, and sometimes it is 
used to denote the impulse itself. It is in this latter or 
physical sense that we shall here use it ; so that when 
we speak of the velocity of propagation of a sound, we 
mean the rate of transmission of an aerial impulse regarded 
as an external existence, independent of our capacity of 
hearing. 

As a preliminary to sound let us first consider in some 
detail the subject of vibratory motion. 

In Fig. 42 let a simple pendulum, consisting of a heavy ball 
attached to a thread, be swung from c, and let A be the lowest 
point of its swing. It is very easy to find the force which 
urges the ball towards a at any point of its progress, such as 
B. Thus we have at b the weight of the ball acting vertically 
downwards, and which we may represent by the line B D. 
Now, by means of the parallelogram of forces we may decom- 
pose B D into two forces, B E and B F, of which B E is in the 
direction of the string, and hence only constitutes ?v. ^>\V\. >y^QTs. 

^ From Greek dfcovo), I hear. 

A- 2. 
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the string" without affecting the motion of the ball, 
resolved portion B f is, however, precisely in the direct! 
motion of the ball and is therefore wholly available in ini 
ing the velocity of this motion ; B F will, therefore, repi 
the force which urges the pendulum towards A at any p( 
its path B and B D = w represents the weight of the ball 
calling the angle B c A or e D f, o, then the force at any 

is equal to the weight of th 
C multiplied by the sine oJ 

angle which the string al 

point makes with the verticj 

have : — 

f — w sin a 

Now, if the pendulum only r 
to short distances on eithei 
of the vertical, the arc B A 
hence the angle a, will be 
small ; and since in such casi 
sines of angles are as neai 
possible proportional to the 
themselves, the force at B, "^ 
is proportional to the sine c 
angle a, will become propor 
simply to the arc B A ; but B 
the distance of the ball fro 
position of rest : hence the 
which urges on the ball is p 
tional to the distance of the ball from its point of rest, or in 
words, the force is proportional to the displacement, 

131. Isochronism. — We thus see that in a simple pi 
lum making small vibrations the force is proportional t 
displacement, becoming greatest when the pendulum i 
thest from its position of rest, that is to say, when its veloc 
nil, and vanishing when it is at its lowest point, that is tc 
when its velocity is greatest. 

Now, this is precisely what takes place in elastic be 

such as springs, &c. ; for in all these the force of restiti 

or force tending to bring the spring back to its point of 

is proportional to the displacement : and it is further 

found that in aJi such cases a series of oscillations or \ 




Fig. 42. 
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lions mil be performed on either side of the point of rest, 
and that these vibrations will always be performed in the 
same time, without reference to their size (see Art. 33). Thus, 
if we bend a. spring. Pig. 4211, so as to produce a displacement 
to / equal to unily, and it vibrates backwards and forwards 
between /and /' at the rale of one vibration in a second, and 
if we now distend the spring so as to produce a displac 
equal to 3, the vibrations will 

in this case also be performed at j f' 

the rate of one in a second, the 
only difference being (hat their 
rang^e will be tmce as great as 
in the former case. 

This principle of iBOchronlam, 
or the faculty of performing 
vibrations in the same time in- 
dependent of their extent, ap- 
plies to all elastic bodies. Thus, 
if I bend an elastic rod, it will 
vibrate in the same lime whether 
it be pulled lightly or strongly, 
whether the point bent be forced 
one millimetre or two millimetres 
from its position of rest ; and if 
I bend another and a different 
rod, it also will perform each of 
its vibrations in the same time, Fic. 42a. 

independent of their extent : but 

the time of vibration of the second rod will not necessarily be 
the same as that of the first. 

ISa. Time or Vittratlon. — Now, on what does this time of 
vibration depend ? It may be desirable to enter somewhat 
fully into this question, because it is of much importance, 
while the dynamical principles upon which its solution is 
founded are capable of being exhibited without the aid of the 
higher mathematics. 

Suppose that we have two bodies of equal mass a and b, 
Fig. 4ZJ, vibrating in straight tines backwards and forwards, 
on either side of their positions of rest, to which each is at- 
tracted bya force proportional to the distance from that point. 
Each of the oscillating bodies maybe correctVj Te^Tcae'(v\.e&. a» 




(!) 
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shown in the figure by a bullet at the end of a spiral spring. 
Let the magnitude of this force be the same for both bodies 
when their distance from their respective points of rest is the 
same. 

Finally, to fix our conceptions, let us suppose that the range 
of oscillation of the second body is double that of the first. 

In the next place divide each range into a great number of 
small divisions, the number of these being the same for each 
range. 

Also let each division of the path of double range be double 

that of the corresponding division of the path of single range, 

so that, in fact, the large path and its various 

divisions will represent the small path and its 

various divisions magnified two times. 

Let us next consider the time of passage of 

each body through the extreme division of its 

path as it starts to approach its centre of force. 

Now the length of this division as well as the 

Vi vj force is double in the case of the body of double 

,^-^ ;» range, while again we may suppose this force 

xJ7,/' if to remain constant for each body while it passes 

tl across one very small division. 

^; It follows from this that the time of passage 

\' across the extreme division will be the same for 

'^B) both bodies, since, while the Ofte division is double 

Fig 42^," ^/ ^^^^ other, the force is likewise doubled. This will 

be evident if We reflect that, if gravity were 

double of what it is, a stone would fall through a double space 

in the first second. 

It follows, moreover, that the velocity with which the body 
enters its second division is twice as great in the case of the 
body of double range. This will be evident if we reflect that, 
were the force of gravity double, the velocity generated by a 
body that had fallen from rest through a given time would be 
doubled also. 

Now the size of the second division is double in the case of 
the body of double range, but this body enters the double 
space with a double initial velocity^ and being at twice the dis- 
tance from its position of rest is acted on throughout by a con- 
stant force the double of that acting on the other body. Hence 
the time of passage through the second division is the same 
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for bolh bodies, and the increment of velocity of the more 
distant body is double that of the other. 

A continuation ofthis process of argument will suffice to show 
that the lime of passage of the first body through any one of 
its divisions is equal to the time of passage of the second body 
through the corresponding division, and hence the whole time 
of passage of the first body from its extreme to its point of rest 
will be equal to that of the second body between these corre- 
sponding points. 

Here, therefore, we have a proof of the isochronisni of such 
vibrations, inasmuch as under a force proportional to the dis- 
tance the body of double range vibrates as fast as the body of 
single range. 

In the next place let us take two paths precisely similar in 
size, and divide each into a great number of small divisions 
after the manner already specified. It is clear that the divisions 
of the one path will be precisely equal and similar to those of 
the other. Let, however, the mass of the body be four times 
as great in the second path, while notwithstanding the force 
remains the same as before. During the time that the first 
body has taken to pass through the first division, the body of 
fourfold mass will evidently only have passed through one- 
fourth of this division, and (since under a constant force the 
spaces described vary as the squares of the times) in double 
this time it will have just passed through this division. 

The time of passage through the first division is therefore 
double in the case of the body of fourfold mass. 

It is also apparent that while the mean velocity of pass<ige 
through the first division is only one-half in the case of the 
body of fourfold mass, the velocity with which it enters the 
next division will also only be one-half of that for the other 
body. Thus in the case of the body of fourfold mass the velo- 
city with which it enters one division, as well iis its incre- 
ment of velocity in that division, will always be one-half of 
the corresponding elements for the less massive body — in 
fine, the time of passage of the more massive body through 
any one of its divisions will be double of that for the other body, 
and hence the whole time of passage through all the divisions 
will likewise be double in the case of the body of fourfold mass. 
Thus by keeping the force the same and increasing the mass 
four times, the time of vibration is troubled. \\. \s eaisxV^ 'SAiexv 
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that in like manner, by keeping the mass the same and dimin- 
ishing the force to one-quarter of its former amount, the time 
of vibration will be likewise doubled. 

Hence, the time of vibration depends upon the ratio between 
the mass and the force, or in such a manner that by increasing 
the mass four times we double the time. Therefore : 



the time of vibration oc a / or 

V force 

We may illustrate what we have now said by fastening a 
steel rod at one end and striking the other, when the vibrations 
will be very rapid ; but if the end be loaded with a lump of lead 
the vibrations will be very slow. 

133. "Wave Motion. — Hitherto we have been considering 
the vibration of a single body or particle only ; let us now con- 
sider a line of particles propagating what is termed an undu- 
lation or wave. If we cause an ordinary corkscrew to turn 
round upon its axis, we perceive the progress of such ^form or 
wave from the one end to the other of the screw : nevertheless 
we are perfectly certain that no individual particle of the screw 
has travelled from the one end to the other. To use the words 
of a well-known writer, an undulation or wave consists in the con- 
tinued transmission of a relative state of particles, while the motion 
of each particle separately considered is a reciprocating motion. 

There are many familiar examples of this kind of motion 
which will at once occur to our readers. Thus, for instance, 
when the wind blows over a field of corn, we see a form pro- 
gressing across the field, but we know that notwithstanding 
this the individual ears of corn do not move from their places, 
but only vibrate backwards and forwards. In like manner, if 
we throw a stone into a pool, we perceive a series of waves 
spreading outwards from the centre of disturbance, while at 
the same time a little reflection will convince us that the indi- 
vidual particles of water do not so move. 

134. Up-and-DoT^n "Waves. — In order to illustrate wave 
motion, let us first take a case where the motion of individual 
particles is at right angles to the direction of transmission, as 
in a wave such as may be seen proceeding over the surface of 
a pool. 
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Let the upper line of Fig. 43 represent a series of waves of 
this kind, the particles i, 11, 21, &c., being at the extremity of 
their upward motion, at the same time that the particles 6, 16, 
&c., are at the extremity of their downward motion, so that 
I, II, 21, &c., form the crests of the waves, and 6, 16, &c., 
their troughs, the distance between two contiguous crests. 
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Fig. 43. 

such as I and ii, or between two contiguous hollows, such as 
6 and i6, constituting what is termed a Tirave-lengrth. 

Let us now suppose that a short time has elapsed, and that 
when w*e again view the phenomenon we find it as in the 
second line of Fig. 43. The particle i has now descended, 
while the particle 3 is ;it the summit of its upward motion, and 
constitutes the top of the wave. In fine, the state of things 
of the upper line has been pushed forward in a direction from 
left to right by the breadth between 1 and 3, or the wave has 
appeared to move over this distance. 
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In the next figure the undulations have moved forward yet 
another step, until now the particles that were at first at the 
extreme limit of their downward motion have attained the 
extreme limit of their upward motion, and the state of things 
has progressed a distance equal to half a wave-length since 
we first viewed it. The progression of a relative state of 
particles will continue to go on in the same direction, from 
left to right, until the wave whose summit was at i, shall have 
travelled over a whole wave-length, and taken up the position 
II ; while the wave-crest at ii will have travelled to 21, and, 
in fact, everything will have travelled forward one complete 
wave-length. 

If we now pause to regard the state of things, we shall find 
that the particles have come into the very same position which 
they had at first, i, 11, 21, &c., representing crests, and 6, 16, 
&c., representing hollows. During this interval, therefore, 
each particle must have performed a complete double vibration. 
It thus appears that, during the time which the wave has taken 
to travel over one complete wave-length, each particle has 
made a complete double vibration : so that if \ denote the 
wave-length, or distance from one crest to the next, and ?• 
denote the velocity with which the wave is propagated, and / 
be the time of a complete double vibration of a particle, then 
A, or one wave-length, will have been travelled over by the 
wave in the time /, — that is to say : — 

A = Vf. 

Example. — If sound travels at the rate of 1,120 feet per 
second, and if a musical note makes 200 double vibrations 
in a second, what is the wave-length ? 

Answer. — Since there are 200 vibrations per second, the time 
of vibration is ^\^ of a second, and therefore 

A = 1,120 X Tj^^ = 5*6 feet. 

135. "Waves of Condensation and Rarefaction. — But we 

may have other waves than those now described ; for instance, 
the motion of a particle may not be in a direction perpendicu- 
lar to that of transmission, but it may be in the same direction ; 
the wave may not be one of up-and-down motion, but of back- 
ward and forward motion,- -in fact, a wave of condensation 
and rarefaction. 



LESS, XVII SOUND 155 

The process of such a wave is seen in Fi|;. 44, where the 
wave-length as well as the states of progress exliibited are 
aaaiogous to those already g:iven in the case of an up^and- 
dowii wave. Here also we see that a complete vibration of a 
particle is performed in the time during which the undulation 
prioresses one wave-length. 

ISA. DeAnltion «( Pliaae. — Having described what is 
meant by wave-length, we shall now explain what is meant by 
the phaas of a vibrating particle. The phase of a particle at 
any given moment denotes its place and direction of motion 
at that moment, as regards its vibration. If it should happen 
10 be at its point of rest, that would be one phase : if at the 
extremity of its upper range, that would denote another phase ; 
while half-way between the two would be a third, and so on. 




But in order to represent the phase of a vibrating particle 
with perfect precision, it is necessary to have recourse lo a 
mathematical expression. 

It will be seen that in an undulation no two contiguous 
particles in the direction in which the wave is advancing are 
in the same phase ; this, indeed, is the essential peculiarity of 
an undulation, for if all these particles were at precisely the 
same moment pulled in the same direction, and to the same 
extent from their original positions of rest, the motion would 
be that of the whole body and not an undulation. It Is, indeed, 
the distortion implied by the fact that different particles are 
differently placed at the same moment that gives rise to the 
forces which propagate the motion. 

When a wave is advancing,— ^by the front of this wave we 
ntean all those portions of it that are in the isamc <(iVia,sc. TVm.'t. 
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on the sea-shore the well-known ridge of water forms the front 
of the advancing" wave. In general we may regard the line 
of front as perpendicular to the direction in which the wave is 
advancing. 

137. Definition of Amplitude. — The extent of vibration 
of any particle on either side of its position of rest is called 
the ampliiiide. Now, we have seen (Art. 131) that the time of 
vibration of the particles of elastic bodies is independent of 
the extent or amplitude, and we thus see that we may have 
two sizes of waves, in both of which the wave-length and 
velocity of propagation shall be the same, although the extent 
of vibration of the individual particles is very different for the 
two. If the undulation be like that of Fig. 43, we can imagine 
the wave-length, or distance between i and 11, to remain the 
same, while the amount of elevation and depression of the 
various particles is much altered : and again, if the wave be 
like that of Fig. 44, we can equally well imagine the wave- 
length to remain unchanged, while the amount of condensation 
and rarefaction of the various particles is lessened or increased. 
In fine, the wave-length does not depend upon the extent of 
vibration of the individual particles. 



Lesson XVIIL— Transmission of Sound. 

138. Noise.— When a sudden blow is delivered to the air, 
as when a cannon is discharged or an electric spark is made 
to pass, the impulse is propagated through the air, and, ulti- 
mately reaching our ear, affects us as a noise, A noise, there- 
fore, represents a sudden and irregular blow, and has no 
perceptible wave-length. 

139. Musical Sound. — But if this blow is periodically de- 
livered, — say, for instance, if the air is struck 100 times in a 
second, — then it is clear that a particle of air to which the first 
blow has been propagated will in one hundredth of a second 
be reached by the second blow, and so on ; in fact, every 
hundredth of a second this particle of air will be similarly 
affected, so that the particle may be supposed to make a com- 
plete vibration in this time. Now, let us suppose that the 
impulse is propagated at the rate of 340 metres in one second, 
then every hundredth of a second it will have advanced 3*40 



LESS, xviii SOUND 



'57 



metres. But we have seen (Art. 134) that in the time of a 
complete vibration the impulse advances one wave-length, so 
that in the instance now given the wave-length is obviously 
3*40 metres. Thus we see that the uniform repetition of blows 
has given an element to the sound which was wanting in an 
irregular blow, for it has now acquired a definite wave-length. 

When this succession of aerial impulses reaches the ear, 
they will not be perceived as separate noises, but they will be 
sufficiently rapid to produce a continuous and pleasing im- 
pression. 

To the well-organized ear, the nature of this impression will 
depend upon the wave-length ; and when the sound has a 
certain wave-length, such an ear will at once pronounce it to 
be a certain pitch, or to have a certain value in the musical 
scale. We thus see that wave-length is a physical fact, inde- 
pendent of the ear, while musical value or pitch refers rather 
to the physiological impression produced on the organs of 
hearing by sound of a given wave-length. 

Now, if the string of a musical instrument makes a complete 
vibration in one hundredth of a second, then each particle 
of this string will be in precisely the same vibrating phase 
100 times every second, and hence 100 times each second 
will this string communicate the same sort of impulse or 
blow to the air, of which the wave-length will be precisely 
the same as if the air had been struck 100 times every second. 

139a. Intensity and Timbre. — Besides the wave-length 
the ear perceives intensity j thus the same sound will appear 
much less intense to one who is at a distance from the sounding 
body than to one who is near it. Again, the same note will 
have a different effect upon the ear if produced by two dif- 
ferent instruments, so that we recognize something in a note 
besides pitch and intensity. This something is analogous to 
quality, and is called the timbre of the note. Indeed no note 
is ever entirely pure, and the timbre has been found by Helm- 
holtz to depend upon the number and intensity of the various 
tones that constitute the compound note. 

14>0. Nature of Sound "Waves.— From all this we see that 
the air is struck by a sounding body, and that the nearer 
particles of air communicate the blow to those next them, and 
those again to the next layer, and so on, just as if the satuvc 
particles were a series of equal elastic baWs, \t\ vi\v\c\v t^-sfc^ ^c^ 
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we have already seen (Art. 121), an impulse is propagated from 
ball to ball very much after the manner in which the air pro- 
pagates sound Sound thus represents a wave of condensation 
-t d rarefaction, and not an up-and- 
do vn wave, and the motion of Che 
ae al particles is backwards and 
forwards in the line of propagation. 
141. 8imiiilUii«t prop«KBte'tn 
Vacuo. — But if the vibrating body, 
sue] as a string or plate, be placed 
n vacuo, and there struclc, we shall 
ha e no sound, because sound de- 
.es the communication of part of 
the energy of the vibrating body to 
, the substance or medium with which 
t s in contact, and hence if it be not 
n contact with a suitable medium 
It cannot communicate any of its 
energy. This may be shown in the 
following experiment. Place a small 
metallic belt (see Fig. ^a), which is by the help of clock- 
work periodically struck by a hammer, in the receiver of an 
air-pump, and gradually exhaust the air. It will be found that 
as the process of exhaustion goes on the -sound will become 
weaker and weaker, and could we succeed in surrounding the 
body by a complete vacuum we should not hear any sound 
whatever. 

I4a. Reflection of Soimd.— When a wave of sound in its 
progress through the air strikes upon an obstacle, it is reflected 
from it, and this reflection will 
take place according lo the fol- ? -S' 




lo« 
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' (F'E:- 4S) represent 
a plane perpendicular to the 
paper, and let a wave or ray of 

sound E D strike it at the point ;; ji y 

D ; at D draw n c perpendicular p^ 

to the plane A l> B, then the 

wave will be thrown off by the surface, or in other words re- 

fleeted in the direction i> e', such that the angle E D c shall Ke 

equal to CD e; and the lines F,i>,nc, andBa' stviU be in the 
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same plane, this plane being perpendicular to that of A D B. If 
we call c D E the angle of incidence, and c D e' the angle of 
reflection, we have the following laws : — 

(i.) The angle of reflection is equal to the angle of incidence. 

(2.) The incident and the reflected ray are both in the same plane, 
which is also» perpendicular to that of the reflecting surface. 

It will be afterwards seen that the laws of reflection are the 
same both for sound and light. 

143. Echoes. — When a sound strikes an obstacle, and is 
reflected by it so as to cause a repetition, this constitutes an 
echo. 

Sometimes the reflected sound is much more audible than 




Fig. 46. 



the original. For instance, the direct sound of a peal of bells 
may be prevented by some obstacle from impressing the ear, 
while their echo from a row of houses may be quite audible. 

In order that a word may be distinctly repeated by an echo, 
a small but appreciable interval of time must elapse between 
the end of the word and the beginning of the echo, so that if 
the word is a long one the reflecting surface will require to 
be farther away than if it be short. For a word of one syllable 
the reflecting surface will require to be not less than 42 metres 
distant from the ear ; for words of two syllables this distance 
will have to be doubled, and so on. Sometimes the reflected 
sound is again reflected ; and we have accounts of curious 
echoes where the original sound is repeated as often as 
twenty times. In whispering galleries the souwd \s swcc^^ 
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sively repeated from the smooth walls of the gallery. In that 
of St. Paul's, London, a whisper at one side of the dome is 
conveyed to the other without being^ heard at any intermediate 
point. 

144. ConJugrKte Reflectors. — By employing* two conjugate 
reflectors, as in Fig. 46, and by placing a sounding body at 
the focus of one mirror, the sound which diverges from it will 

be reflected as in the figure, until 
it ultimately comes to a point at 
the focus / of the other mirror. 
Thus, if a watch be placed at 
the one focus, its ticking will 
be heard very distinctly at the 
other. 
An excellent indicator for such 
B experiments is a sensitive flame. 
Coal gas under pressure forced 
through a small aperture may be 
made to bum in the form of a 
long flame like A (Fig. 46a), but 
if a shrill sound be made near 
it, at once the flame will shorten, 
broaden, and become like B. If 
a sensitive flame be placed in the 
focus of one mirror and a Galton's 
whistle which g^ves very high 
notes in that of the other mirror, 
the sensitive flame will be affected 
in a very apparent manner. 

It is related that at the Cathe- 
dral of Girgenti, in Sicily, the 
slightest whisper is conveyed 
from the great western door to the cornice behind the high 
altar, through a distance of 250 feet, and that, unfortunately, 
the focus at the former station was chosen for the place of 
the confessional. The result was that a listener placed at the 
opposite focus often heard what was never intended for the 
public ear, until at length the circumstance became known 
and another site was chosen. 

l^S. Refraction of Sound. — But there is, besides reflection, 
another bond of similarity between the two agents sound and 
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light, for both are capable of refraction or bending. Thus a 
convex lens made of glass, or in fact of any transparent sub- 
stance denser than the air, has the power of concentrating 




^, 



light or bending it toa point ; and if a lensofthis kind (Fig. 
47) be placed so as to receive the rays from a luminous body at 
s directly upon it, these rays will be brought to a focus at 
some pont/ after havmg passed through the lens and will 
there be so conce Irated as probably to ca se gn t on If 
■\ (.o bustible subsla ce bi, plated at / Sondhauss has 




made similar experiments with regard to sound. He piade a 
lenticular bag, see Fig. 4711, which he filled with carbonic acvi 
gas, asiibsl;ii!Li;Ji;ii«T llian ordinary almospVicticuAT- ¥\ac\w6 
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a watch at one side of the lens, he found that there was one 
particular point or focus at the other side where the sound of 
the watch could be most distinctly heard, and he arg^ued from 
this that the carbonic acid gas refracted the sound just as a 
lens refracts light. The refraction of sound by the atmosphere 
will be discussed in Art. 153. 

lA-e, Velocity of Sound in Air. — Both light and sound 
travel through the air with certain definite velocities, but that 
of light is very great as compared with sound. The conse- 
quence is, that if a cannon be discharged at a great distance, 
and if we record the moment when we see the flash, we may 
be sure that this is as nearly as possible the exact moment 
when the cannon was fired, since the light cannot have occu- 
pied an appreciable time in reaching our eye. If we listen 
attentively after having seen the flash, we shall presently hear 
the report, and the interval between the flash and the report 
will denote the length of time which the sound has taken to 
travel from the cannon to us. By this means observers have 
determined the velocity of sound, which is found to be very 
nearly 340 metres per second under ordinary atmospheric 
conditions. 

Sounds of various wave-lengths all travel at the same rate, 
and Biot found that an air played at one end of a tube 1,040 
yards long was heard without alteration at the other end. It is, 
however, believed that a very loud sound, such as the report 
of a gun or thunder is propagated somewhat more rapidly 
than a very weak one. 

lA-7. Velocity in other Gases, — The velocity of sound 
depends upon the nature of the gaseous medium. Suppose, 
for instance, that we have a gas which under the ordinary 
atmospheric pressure is only half as dense as air, and imagine 
that two precisely similar undulations of the same amplitude 
and wave-length are travelling in the two media ; then, while 
the differences of pressure which give rise to the vibrations 
are the same in both, the mass to be moved is only half as 
large in the case of the lighter gas. The vibrations of the 
particles of this gas will therefore be performed in less time, 
while the velocity of propagation of the wave will be propor- 
tionally increased, the velocity of propagation being obviously 
inversely proportional to the time of vibration of a particle as 
/on^ as we keep to waves of the same viave-length ; for by 
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Art. 134 the time of complete vibration is seen to be the time 
which the wave takes to advance through one wave-length. 
Dulong has made the following* determination of the velocity 
of sound (at 0° C.) in different gases : — 

Table No. 12.— Velocity of Sound in Gases. 

Name. Metres per Second. 

Carbon dioxide 261*6 

Oxygen 317*2 

Air 333-0 

Carbon monoxide 337*4 

Hydrogen i269'5 

Again, it is well known that the relative densities of these 
various gases are as follows — that of air being the unit : — 

Table No. 13. — Densities of Gases. 

Name. Density. 

Carbon dioxide i '529 

Oxygen i*io6 

Air I'ooo 

Carbon monoxide 0*968 

Hydrogen 0*069 

It will easily be seen that in accordance with the formula of 
Art. 132, the relative velocity of sound in various gases is in 
point of fact as well as from theory inversely proportional 
to the square root of the density of the gas. For the density 
of the gas indicates the extent to which the mass is increased, 
the forces concerned in the propagation meanwhile remaining 
the same. Now the formula tells us that : 

the time of vibration oc a / 

V force 

and since the velocity of propagation is obviously inversely 
proportional to the time of vibration, we have 



velocity of propagation, ex: / 



force 
mass 



and thus while the force remains constant the velocity will 
vary inversely as the square root of the mass. TVva\. \\. dio^i^ 
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so as a matter of fact will be seen from the following' 
table : — 

Table No. 14.— Density Compared with Velocity. 

Name. i Relative Velocity 

s/~M^. , of sound; 

that m Air = i. 

Carbon dioxide . . 0*809 0*790 

Oxygen o'95i 0*952 

Air I'ooo 1*000 

Carbon monoxide . i*oi6 1*013 

Hydrogen .... 3*799 3*8io 

In this table it will be seen that the two columns, one of which 
denotes the calculated and the other the observed velocity of 
sound, are as nearly as possible alike. 

14>7a. Theoretical Velocity of Sound in a Gas. — New- 
ton has shown that the velocity of sound V in a gas is given by 
the equation : — 



V 



"Yd 



where e is the elasticity of the gas and D is its density. But 
the elasticity of a gas kept at a constant temperature is 
numerically equal to the pressure as measured by the 
barometer, hence the velocity in a gas is given by : — 



V = 



V-: 



where P is the pressure of the gas expressed in dynes per 
square cm., D is the mass in grammes of a cubic centimetre of 
the gas and V the velocity of sound in the gas in centimetres 
per second. 

Example. — Find the velocity of sound in oxygen at o'' C. when 
at a pressure of 76 cm. 

Answer. — I cubic centimetre of oxygen at 0° and 76 cm. 
weighs '00143 grammes, and 76 cm. of mercury corresponds to 
a pressure of 76 x 981 x 13*6 dynes, where 981 is the value of 
gravity, and 13*6 the density of mercury. 

Hence 

,, / 76 x~ 98i X 13*6 ^ 

V = A / = 26610 cm. 

V '00143 

Compiinng this result with that given in the previous table we 
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see that it is considerably too low. The formula as given by 
Newton requires some correcting" factor. This was supplied 
by Laplace, who showed that the effect of the heat produced 
in the compressed parts of the sound wave and the cold pro- 
duced in the rarefied parts would act altogether so as to 
increase the elasticity by an amount equal to i'4i times its 
normal value. The above formula will hence become — 



Hence in the above example 



V = 26610 X ^ 1*41 = 31610 cm. 

this value agreeing with that obtained by experiment. 

148. Velocity in Air does not yary with Density. — We 

have seen that the velocity of sound depends upon the density 
of the air ; nevertheless, the velocity with which sound is 
propagated will be the same in rare as in dense air ; that is 
to say, frovided the chemical nature of the gas and its temperatui'e 
remain unchanged^ the velocity of sound does not vary with 
its density, the reason being that in the same gas, although 
the pressure differences which cause the vibrations are pro- 
portional to the density of the gas, yet the mass to be 
moved is increased in the same proportion. We have thus a 
double pressure difference to move a double mass, so that the 
two things precisely counteract each other, and the velocity 
remains unaltered. This is seen readily by considering the 
formula — 



V = . / '-HLL 

Now suppose P to increase to an amount p', this will cause D 
to increase to an amount d', but 



or 



hence 



p 


D 


p' '^ 


jy 


p 


p' 


D ~" 


D' 


1*41 P 





- 4 / ^*4iP _ / 1*41 P' 
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149. Velocity yaries with Temperature. — If, however, 
the air be greatly raised in temperature, then we may have 
the same pressure difference, for the air is free to expand, 
and hence the pressure will remain unaltered, but the density 
of air diminishes with temperature. We shall have there- 
fore the same moving force with a very much smaller mass, 
and the velocity of propagation will therefore be increased. 
Hence sound travels faster in warm than in cold air, and 
this is the reason why in the table given above the temper- 
ature at which the observations were made is recorded as well 
as the nature of the gas. 

In the chapter relating to heat it will be shown that 

where D^ is the density at /°c., D^ the density at o°c., o the 
coefficient of expansion = '003665. 
But 



-": - yi; - -'— ' 



or 



Where V^ is the velocity at / ** and V^ the velocity at o". 
Example I. — Calculate the velocity of sound in hydrogen 
gas, the temperature being \^ C. 

Answer, — We have v^ = v^ ^^ i + '003665 / and by Art. 147 
v„ = 1269*5, hence 



Vj = 1269-5 v^i + '003665 X 15 
— '303*7 metres per sec. 

Exaviple II. — The flash produced by the discharge of a 
cannon is observed four seconds before the report is heard. 
If the temperature of the air is 12° C, how far away is the 
cannon from the place of observation ? 

Answer, — We have, as in the previous example. 



Vt = V, V I 4- -003665 / 



= ZZZ V I + '003665 X 12 
= 340 metres per sec. 
and s = v/ = 340 x 4 = 1360 metres. 
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150. Velocity in laiquids and Solids. — By means of 
experiments made at the Lake of Geneva, it has been ascer- 
tained that the velocity of sound in water is nearly four times 
as g^eat as in air. In solids it is still greater ; thus in wood, 
for instance, sound travels from 10 to 16 times as fast as in 
air. 

151. Circnmstances affecting: Intensity of Sound. — 
When the air is disturbed so as to cause a sound, this distur- 
bance spreads out on all sides of the body which causes it. 
Let us suppose that the source of disturbance is in mid-air, and 
that at a g^ven instant the sound has spread to the distance of 
100 metres on all sides of this source, the disturbance will 
therefore occupy the surface of a sphere, of which the radius 
is 100 metres. But the radius of the disturbed sphere will 
evidently go on increasing, until in a very short time the dis- 
turbance will occupy the surface of a sphere the radius of 
which is 200 metres. Now, in the latter case, the disturbed 
surface is four times as great as in the former, since the surfaces 
of spheres vary as the squares of their radii, and hence in this 
latter case the same amount of energy will be spread over four 
times the surface, the result of which will be that the amount 
of energy corresponding to unit of surface, that is to say the 
intensity, will be four times less. Thus by doubling the dis- 
tance from the centre of disturbance, we diminish the intensity 
four times ; that is to say, the intensity varies inversely as the 
square of the distance. 

It is clear that in this demonstration we have supposed 
that the whole of the energy which occupied the surface of 
the sphere of 100 metres in radius will be conveyed outwards 
as the undulation progresses, without diminution, so as after- 
wards to occupy the surface of a sphere of 200 metres in 
radius. If, however, any of the energy be absorbed in its 
passage outwards, this law will no longer hold good, but the 
intensity will in this case diminish more rapidly than the 
inverse square of the distance. Now probably a small part 
of the energy of sound is converted into heat as it passes 
along the air, in consequence of which the intensity will 
diminish somewhat more rapidly with the distance than we 
have indicated. 

152. The Intensity of Sound depends upon the Density 
of the Air.— The experiment with the receiver sYvo^e^ >as 
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that the more air was rarefied the less capable was it of 
transmitting^ the sound of the bell. Thus, also, at the top of 
Mont Blanc, where the air is very much rarefied, the dis- 
charge of a pistol does not produce such a noise as it does 
at the earth's surface. In like manner sound is enfeebled in 
hydrogen gas, which is much less dense than air ; in fine, if 
the particles of a medium be small and far apart, they do 
not carry off the energy of a vibrating body to the same 
extent as if they were large and close together. 

153. Atmosplieric Conditions affecting: the Audibility of 
Sounds. — It is well known that sound is better heard when 
travelling with the wind than when travelling against it, 
and the reason of this has been explained by Stokes. The 
velocity of the wind quite close to the ground is much reduced 
by friction, so that as we ascend vertically the wind increases 
in velocity. Now an undulatory disturbance such as sound 




partakes of course of the movement in space of the body 
through which it is passing, whether this be the movement of 
the earth in its orbit or the movement along the earth of the 
column of air conveying the sound. 

In order to appreciate the influence of wind on the audi- 
bility of sound let us, first of all, imagine a sound progressing 
in the same direction as the wind (Fig. 47^), this wind being 
more violent at a point c above the earth than it is at a point 
B at the earth's surface ; now let A B denote the front of the 
wave to begin with (Art. 136), the direction of propagation 
being perpendicular to this front. It is clear that the disturb- 
ance at c will be carried more quickly forward than that at b, 
since it is moving with a stronger wind. Hence after a time 
the front of the wave will be in the position a by and the direction 
of propagation being always perpendicular to the front will 
tend to carry the sound down toward the earth; thus the 
sound will be well heard. 
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On the other hand, if the sound be moving- against the 
wind, as in Fig. 47^, the front will change in such a manner 
as to carry the sound upwards rather than downwards, in 
consequence of which it will not be well heard. 

Osborne Reynolds has extended this reasoning to layers 
of air of different temperature. If there be a rapid falling 
off in the temperature of the air as we ascend, then the 
velocity of propagation of this impulse for the upper layers 
will (Art. 149) be diminished by this cause, just as in Fig. 47/^, 
with this difference, that the diminution will now be irre- 
spective of -the direction in which the sound is travelling. The 
sound will therefore be thrown upwards, and will not be well 
heard. On the other hand, if the upper layers be warmer 
than the under layers, as they are under certain abnormal 
atmospheric conditions, the sound will be thrown down, and 
will be heard extremely well. Resides all this it may be 
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inferred that when the air is homogeneous sound is much 
better heard, and the experiments of Tyndall go to show that 
ascending and descending currents of air of different temper.1- 
tures serve to scatter the sound by reflecting it from their 
surfaces, and are thus prejudicial to audibility. 

154. The. Intensity of the Sound of a Musical String is 
strengthened by a Sounding-box. — This is a hollow box, 
which along with its air vibrates in unison with the string. 
By an arrangement of this kind, the sound that would other- 
wise have passed away is caught up by the box, and given 
out by it as if by a second source, thereby increasing the 
effect. 

Lesson XIX. — Vibrations of Sounding Bodies. 

155. Vibration of Strings. — By striking or pulling a 
stretched string transversal vibrations are produced in it 
dependingf upon the length, the tension, l\\e dewsvl^ , aA\«X \>cvfe 
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radius of the string", and these vibrations give rise to a musical 
note (Art. 139). 

The vibrations of string's may be conveniently studied by 
the aid of the apparatus shown in Fig. 47^/. It is called a 
Sonometer and consists of a hollow sounding* box on which 
are mounted two strings or pianoforte wires, so that the 




Fig. 47^!. 

tension on one of them may be altered by changing* the 
number of weights at P, and of the other one, a b^ by adjusting 
the tuning key S. 

If a vibratory cord A D (Fig. 48) have a stop or bridge B 
inserted (say at one-third the whole leng"th of the cord from 
one of its extremities d), the point B will always remain at 
rest, and the tendency will be to cause the whole cord to 
vibrate in the manner represented in the figure. Here not 
only will the point B remain at rest, but the point C, which is 
a point as far from the other extremity A as B is from D, will 




Fig. 48. 



also be at rest ; the two opposite stag'es of the vibration being 
represented by the continuous and the dotted lines in the 
figtire. 

The points b and c are called Nodal Points or nodes, 
and the part between two nodes is called a lK>op or Ventral 
Segment. 

The ratio of D B to B A must be represented by some whole 
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number, as i : 2 or i : 3, otherwise the vibrations will interfere 
with one another. 

The following" are the laws which connect the time of the 
vibrations with the other properties of a string : — 

( I ) . When the stretching weight is constant the time of vibration 
varies as the length of the string. 

(2) The titne of vibration varies as the radius of the string. 

(3) The time likewise varies inversely as the square root of the 

stretching weight. 

(4) The time finally varies as the square root of the density of 

the string. 
155a. Proof of laaivs of Stringrs. — These various laws 
regarding strings are capable of being proved in a somewhat 




Fig. 49. 



simple manner. Let us first take that which tells us how the 
time of vibration varies with the length of the string. 

In Fig. 49 we have before us the equilibrium which takes 
place in the case of the single movable pulley with inclined 
strings. Let us suppose that the inclination of these strings 
is very small, or that A D B is nearly a straight line. The 
tension of the string at A or b which we have called T will 
represent the tension of a sounding cord, while P will represent 
the force with which this cord is solicited back towards its 
position of rest A E B. 

Drawing A c parallel to B D and B c to A d, the figure A c B D 
becomes a parallelogram of forces in which D A represents 
the tension while D c represents the force P. If we confine 
ourselves to small displacements it is evident that the whole 
length of the string between A and B will not vary much. We 
have : — 

P _ CD 
Y ~ AD 

Now the tension T is supposed to be coT\sVav\V, va\CA<i HNvfe 
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length A D of the same string is constant also. If therefore 
c D be doubled the force P will be doubled, and in fine if C d 
increase in any. proportion the force P will increase in the 
same proportion. Now c D is the double of E D, and E D 
represents the distance to which the string" has been plucked 
from its position of rest, and A B is nearly equal to the 
double of A D. Hence : — 



AB/2 

or P oc E D 

Here then we have a force which is proportional to the displacement. 
It will also be seen that if we double the length of the 
string while the displacement E D remains the same, then the 
ratio of E D to A D will be halved, in other words, the ratio 
of the force P to the tension T will be halved. Therefore if 
we double the length of the string while the tension remains 
the same, the force P, corresponding to a definite displace- 
ment, will be halved. On the other hand, the mass to be 
moved (that of the string) will be doubled, so that for a string 
of double length the force is halved while the mass is doubled, 
in other words, the ratio between the force and the mass is 
diminished four times. Now by Art. 132 — 



V- 



p 



where t is the time of vibration, M the mass of the string and 
p the force. But the effect of doubling M and halving p will 
be to give time of vibration /j and 



/2 M /4 M /M 

/, <x. f — oc /Z oc 2 / 

^ \^ P/2 \^ P \/ P 

or double the previous time. 

In the next place it is easily seen that the time of vibration 
varies as the radius of the string. For the mass of the string 
is proportional to the square of the radius ;-, and (other things 
being the same) the time of vibration oc V M, and therefore 
oc r. 

Thirdly, the time of vibration varies inversely as the square 
root of the stretching weight. For \t wUl be easily seen from 
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Fig". 49 that if we have two similar strings, and if t, or the 
tension, in the second is four times as great as in the first, 
then P, or the force in the second, will be four times as great 
as the force in the first, and the time of vibration will be only 
half in the second of what it is in the first. 

Lastly, the time of vibration varies as the square root of the 
density of the string. This is evident, for we know that the 
time X \M/, and that the mass varies as the density of the 
string", hence also the time of vibration varies as the square 
root of the density. 

155b. Experimental Proof of laaws.— These various laws 
are susceptible ot an easy and striking verification by means 



rj^^^^"<fllHii>^ 




Fig. 49a. 



of an arrangement devised by Melde. The nature of this will 
be seen from Fig. 49^. It consists of a string passing over a 
pulley and weighted at one end, with its other end attached to a 
vibrating tuning-fork. 

If the attachment be such that the fork vibrates backwards 
and forwards in the direction of the string, then every time the 
prong moves towards the string it gives the string an oppor- 
tunity of forming a loop or ventral segment. In this case the 
string will have one ventral segment, or make a semi-vibration 
for every complete vibration of the fork. If, on the other hand, 
the attachment be such that the fork vibrates backwards and 
forwards at right angles to the direction of the string, there 
will be a complete vibration of the string for each complete 
vibration of the fork. 

Thus the string will vibrate twice as rapidly in the latter 
position us in the former. If therefore we Yva\c Ji s\A:\v\>g» q\. 
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such length, material, and tension that it vibrates in one loop 
and without a node when attached in the first of these two 
ways to the fork, it ought, in accordance with Law (i) of this 
article, to split itself into two parts when attached to the fork 
in the last of the two ways, in order that it may have the 
opportunity of vibrating" twice as fast. Or if, as in the figure, 
it vibrates in two parts in the first position, it ought to vibrate 
in four parts in the second. This is found to be the case, so 
that Law (i) is verified by this arrangement. 

Again, if in any arrangement a string when attached to a 
tuning-fork vibrates in one loop and without a node, if we 
diminish fourfold the stretching weight w, we shall find that in 
order to coincide with the tuning-fork it will now vibrate in two 
parts, thus proving Laws (i) and (3) of the present article. 

155c. laaivs expressed by an Equation. — If a very long 
string be struck at one end so as to excite a wave of wave- 
length 2 /, the velocity V with which it will travel along will 
be expressed by 

F= 2;// (i) 

where n is the number of vibrations per second. 

It can be proved that this velocity depends on the tension of 
the string T, and the mass m of unit length, the three quan- 
tities being connected by the equation 



V = 
Hence 



= V^ <^> 



" = r/\/| (3) 

If the string be stretched with a weight of/ grammes, then 
the tension in dynes will be pg, and the value of m = irr^A, 
where r is the radius, and A the density of the string. In- 
serting these values in equation (3) we have : — 

" = ->J-k w 

But since the time of vibration is the reciprocal of the number 
of vibrations, we have 

/=- (5) 

n 
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So that we write (4) finally : — 



= ../ M ...... (6) 



' ' Pg 

This last equation embodies all the laws which have been 
proved in an elementary manner in the previous article. All 
the values must be expressed in the C. G. S. system. 

Example I.— An iron wire one metre long and 2 mm. in 
diameter is stretched by a weight of i kg. Find the time 
of vibration, and the number of vibrations per second, the 
density of iron being 7*8. 

Answer. — We have : — 

/ = ar/, /ii = 2 X -1 X loox , /3:L 4'6x7-8 =-i sec. 
^ pg 'V 1000 X 981 

Also « = L _ i. = 10. 

Example II. — Two wires, one of iron and the other of copper, 
of the same length and diameter, are stretched so as to give 
the same note. Find the ratio of the stretching weights, the 
density of iron being 7*8 and of copper 8*8. 

Answer, — From the formula of the preceding question we 
obtain 

_ 4r2/2TA 
hence for the iron wire /j = ~ ^-^ — 



g^ 



and for the copper wire p^ _4^f/^x_8-8 

g^ 

therefore^ = ^J^Vl. ^ 4^/^-^S'8 ^ TJ? ^ 39. 
A gfi gt' 8-8 44 

156. VTind Instruments. — In these instruments it is not 
the substance of the tube, but the column of air which it con- 
tains, that is the cause of the sound. 

An organ-pipe is a very good illustration of this kind of in- 
strument. Its mode of action will be understood by reference 
to Fig. 50. 

The mouthpiece is fixed at one end of the lube •, o^ V\C\^ \xi\>^ 
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only a portion is represented in the figure ; the other efidwt 
shall suppose to be closed, • 

As a current of air is made to enter by the mouth, it 
strikes against the upper lip, and the effect of this is to cause 
the air to issue from ^ ^ in a pulsatory manner. 

In an organ-pipe of this kind, the primary note is that of 
which the semi-wave-length is twice the length of the pipe, 
and the air in the pipe is agitated in such a manner that the 
stratum at the closed top of the pipe is at rest, while the 
stratum of air at the mouthpiece has the greatest amplitude of 
vibration. 

We may suppose that there are a number of different small 

pulses produced by the air striking against the lip of the 

pipe, but of these one will be strengthened by the 

column of vibrating air in the pipe, and exalted 

into a musical sound. 

To find which, let us suppose that one of these 
pulses is just in the act of striking the air upwards 
into the pipe. This blow will be transmitted by 
the air to the top of the pipe, and will then be 
reflected back to the lip. Now if when it reaches 
the lip the pulse be in the act of moving down- 
wards, its motion will evidently be strengthened 
by the blow from the air of the pipe. In fact, the 
pulse which is strengthened is that which per- 
forms half a complete vibration in the time that 
the blow takes to ascend up to the top of the 
tube, and come back again to the lip. 
We have said that in such a pipe it is the vibration of the 
column of air which causes the sound, in proof of which, if an 
organ-pipe be filled with any other gas, we have quite a differ- 
ent sound. The reason of this is, that the complete time of 
vibration of the column of gas is twice that which the undula- 
tory motion requires to travel up to the top of the tube and 
back again. Now this is different for different gases. Hence 
the velocity of sound in different gases may be found by filling 
an organ-pipe of known length with these gases, and estimat- 
ing the pitch of the sound which is produced. 

If A be the wave-length, n the number of oscillations per 
second, and v the velocity of sound, 

V = n\ 




Fig. 50 
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hence for a shut pipe if/ is the length of the pipe then 
A. = 4/. 

Example I. — A closed pipe 15*7 cm. long" and filled with air 
is found to give 528 vibrations per second. Calculate the 
velocity of sound in air. 

Answer. — Wave-length = A. = 4 x •157= '628 metres. 

V = n\ — 528 X '628 = 331*5 metres per sec. 

Example II. — The same pipe is filled successively with carbon 
dioxide, oxygen, and hydrogen ; and the vibration numbers 
are respectively 416*5, 505'!, and 2021*5. Find the velocity 
of sound in these gases. 

Answers. — (i) For carbon dioxide v = 416*5 x '628 = 261*6 
metres per second. 

(ii) For oxygen v = 505*1 x *628 = 317*2 

metres per second. 

(iii) For hydrogen v = 2021*5 x *628 = 1269*5 

metres per second. 

What we have said refers to a shut pipe. In an open pipe 
there is a stratum of greatest amplitude of vibration at each 
end, and the semi- wave-length of the sound produced by an 
open pipe is equal to the length of the pipe, so that it is only 
half of that produced by a shut pipe of the same length. We 
shall again return to the subject of organ-pipes when we have 
considered the longitudinal vibrations of rods. 

157. Vibrations of Rods. — Let a series of rods of wood 
be fixed at one end, such as Marloye's Harp (see Fig. 50^), and 
be free to move at the other ; then we may have two kinds of 
vibratory motions of such rods. 

1. Transverse Vibrations y which are produced by striking the 
rod or passing a bow over it. 

2. Longitudinal Vibrations, which are produced by rubbing it 
up and down with a piece of cloth with particles of resin on it, 
or with the moistened finger. 

The following laws are found true : (i) The number of trans- 
verse vibrations made in a second by a rod is directly as its thickness 
and inversely as the square of its length. (2) The number of longi- 
ttidinal vibrations of a rod in one second is inversely as its lengthy 
whatever be the diameter of the transverse section. 

A little consideration will convince us of the tvvklVv o^ N>cv^«je. 
laws. Suppose that we study the transverse \\>or^NAOws oS. 
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two similar rods, the one twice as long as the other, 
each be deflected through the same distance from its posi 
of rest. Then by Art. 68 we may conclude that the force 
called into action by the displacement is eig'ht times greater 
in the shorter than in the longer rod. On the other hand 




the mass to be moved is double in the case of the longer rod, 
so that altogether the ratio of the force to the mass is ^xteen 
limes less in the longer than in the shorter rod. Therefore since 
by the formula (Art. 132) 



the 



E of vibration ■ 



■ V fa 
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this time will be four times greater in the case of the longer 
rod. 

A precisely similar mode of reasoning will show us that the 
number of transverse vibrations of a rod made in one second 
will be directly as its thickness, inasmuch as for a double 
thickness the relation of the force to the mass is increased 
four times. 

With regard to longitudinal vibration, a rod must be re- 
garded in the same way as we regard a column of air. A blow 
given to a rod fixed at one end and free at the other, say one 
tending to compress its particles, is transmitted along the rod 
to the fixed end, where it is reflected back. When however 
it makes its reappearance at the free end it is as a force tending 
to elongate this end, being thus in the opposite direction to the 
original blow. This state of things in its turn runs along the 
rod to the fixed end and back again to the free end. When at 
the free end it is now at last similar to the original blow, so 
that a complete cycle, representing a complete wave, will only 
take place in the time which the blow requires to go twice 
backwards and forwards along the rod. 

If however the rod be fixed at both ends, then the time of a 
complete vibration will be the time that a blow takes to go 
once, and not twice, backwards and forwards along the rod. 

If therefore we have two similar rods of equal length, one 
fixed at one end and free at the other, and the other fixed at 
both ends, the second will vibrate twice as rapidly as the 
first. 

It is easily seen from this that in both cases the time of 
vibration will vary directly as the length of the rod, and also 
that the time will be independent of the cross-section, because 
if we double the cross-section we double not only the mass 
moved, but also the force of restitution (Art. 65), and therefore 
the proportion between the two which determines the time 
remains unaltered. 

158. Harmonics of Rods. — The note produced by the 
simplest method of vibration is called the fundamental. Higher 
notes are called harmonics. From what has been said it is 
easy to see in what way a rod in longitudinal vibration is 
capable of vibrating. 

Here of course the essential requisite is that in whatever 
way the rod splits up as to vibrations tV\e va.r\oMS sfecVxow^ 
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shall all vibrate in the same time. Let us therefore consider 
three cases, namely, (i) a rod fixed at both ends ; (2) a rod 
fixed at one end and free at the other ; and (3) a rod free at 
both ends. 
In the diagram below, Fig. 50^, we have an illustration of 



Fig. so3. 

the way in which rods fixed at both ends are capable of break- 
ing up into nodes. In the first line we have the rod vibrating 
as a whole and without any node. 

In the second line we have a node in the middle, the pulses 
alternately tending to press together the particles near the 
nodal point and to pull them out. 

In the third line we have the whole rod divided into three 
equal parts and therefore possessing two nodes, and in like 
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manner the rod might be subdivided into four, five, six, &c., 
equal parts. Also the time of vibration for one node is half that 
for the fundamental vibration, while the time for two nodes is 
one-third of that for the fundamental vibration, and so on. 
In dja;^ram Fig. 5or, we have an illustration of the way in 
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which rods fixed at one end and free at the other are capable 
of breaking up into nodes, a and b represent the fundamental 
vibration of such a rod. In c and d we have its vibration 
with one node, which will make its appearance at one-third 
of the whole lengfth from the free end of the rod. For in 
this case the upper segment forms a rod fixed at one end 
and free at the other, while the under segment forms a rod 
tvrice as long as the upper one, but fixed at both ends, and 
hence the time of vibration will be the same for both seg- 
ments. 

In e and / we have two nodes ; the upper free segment is 
one-fifth of the whole rod, and the other two are double of 
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t in size. Here also the three segments will vibrate in the 
same time. 

Finally, in diagram Fig. 50^/, we have an illustration of the 
nethod in which rods free at both ends are capable of break- 
ng up into nodes as regards their longitudinal vibrations. 

In figures a and b we have a representation of the funda- 
nental vibration of such a rod. Here we have a node in the 
niddle — that is to say, a rod free at both ends vibrates as 
wo rods of half the length fixed at one end and free at the 
)ther. 

In figures c and d we have two nodes each one-fourth of 
he whole length from the end. Finally, in figures e and/ 
ve have three nodes by which the whole rod is divided into 
+ 2 + 2 + 1=6 parts, the rods free at one end being only half 
he size of the rods fixed at both ends, by which means the 
ibrations of all the various sections take place in the same 
\inc. 
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It has already been remarked that a column of air vibrates 
after the same laws as those which regulate the longitudinal 
vibrations of rods. 

Thus an organ-pipe shut at one end is similar to a rod 
fixed at one end, is in fact a rod of air, and its time of 
vibration (Art. 156) is the time that a pulse takes to travel 
twice up and down the organ-pipe, just as the time of vibra- 
tion of the rod is that occupied by the pulse in travelling twice 
backwards and forwards along the rod. 

In like manner an organ-pipe open at both ends will vibrate 
like a rod free at both ends, but will therefore have a node in 
the middle, so that its fundamental note will be the same as 
that of a shut pipe of half the size. 

The analogy between such rods and organ-pipes is hence 
complete. An organ-pipe open at one end will therefore be 
capable of breaking up into nodes precisely in the same manner 
as a rod fixed at one end and free at the other, while an organ- 
pipe open at both ends will split up into nodes precisely after 
the manner of a rod free at both ends. 

159. Vibrations of Plates. — A plate may be made to vibrate 
by drawing a bow across its edge. 

The following law governs the vibrations of such bodies : 
In plates alike in other respects ^ the number of vibrations per second 
varies directly as the thickness of the plate, and inversely as its 
area. 

Gongs, cymbals, and bells are instruments in which the 
sound is produced by vibrating plates or masses, while in a 
drum the sound is produced by a vibratory membrane. 

The existence of nodal lines is rendered very evident 
by vibratory plates. These contain nodal lines varying ir 
number and figure according to the form and substance o; 
the plates, and according also to the method in which the 
plates are fixed. In Fig. 50^ is shown the method of producing 
nodal lines on a square plate fixed at the centre by touching 
the plate at two points with the fingers. The plate is throwr 
into strong vibration by means of a violin bow which has beer 
well rubbed with a piece of rosin. In order to render visibk 
the existence of these lines the plate is sprinkled with sane 
before it begins to vibrate. 

The sand, during the vibration, is thrown off the ventra 
segments or vibrating parts of the plate, and accumulate; 
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around the nodes or lines which remain at rest. Fig. 50/ 
shows some of the chief types of figures, &c., produced. They 
are known as Chladni's figures. 

ISO. OommnnI cation of Vlln-BtloiiB.— If a musical note 
is traversing the air in the presence of an Instrument capable 
of sounding' the same note, this instrument seems to take up 
the note and give it out of ils own accord. This may be 
frequently observed in the case of a piano, which rings to a 




sound ; or, again, the string of a violin may be made to vibrate 
by sounding; a tuning-fork which gives out the same note- 
Now since an undulation of sound is a kind of energy, 
and since energy cannot be createJ, it follows that this un- 
dulalory energy must be absorbed by the string in order thai 
it may be given out again by the string on its own account. 
In fact, when a string takes up a note in this manner, there 
is a, communication of the energy of the sound-wave from 
the air to the string; but when we sln\ie \\ve same, ii\™i%. 
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there is a communication of the energy of the sound-w 
from the string to the air. We thus see that a siring whe\ 




1-est absorbs thai particular kind of undulation which it gives 
when struck. It will be afterwards seen that there is a simi 
law in the case of radiant light and heat. 
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ISl. IMt«rniliiBtlan of Number or Vibr«UonB.— One of 
the simplest machines for measuring; the number of vibra- 
tions corresponding' to a given sound is that of Savart. In 
this machine a toothed wheel, b, is made to revolve very fast, 
and there is a card, e, at one end, which is so fixed as to be 
struck by each of the teeth of the wheel b as il revolves 
Willi great velocity. Thus, if the wheel B revolves three 
times in a second, and has 100 teeth, the card will be struck 
300 times in a second, and will therefore emit a musical note. 

At the side of the wheel there is an indicator which shows 




how many revolutions have been made by the wheel, from 
which we can calculate the number of vibrations in a given 
time. What we have to do, therefore, is to increase the 
velocity of revolution until we get the required sound. We 
should then keep the speed of the apparatus constant for a 
given time, say 30 seconds, and meanwhile note on the indi- 
cator how many revolutions have been made ; we shall thus 
obtain the number of vibrations in one second corresponding 
10 the sound. 

The instrument now described affords us an easy method of 
determining the velocity of sound in air, which can be practised 
in an ordinary-sized room. 

First of all, let us take a tuning-fork and find the number of 
vibrations which it makes in one second by means of Savart's 
machine, or any similar instrument; next, Vel. ui \3.V.ca.V^w& 
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cylindrical vessel and fill it with water ti 

when the tuning-fork is held over i 

between the water and the fork \ 

fork. A little practice will enabl 

very exactly, because it is accompanied by a.n unmistakable 

e!ta.ltation of sound — we have in fact made an organ-pipe. 

Now we know that in this case the blow given by the fork 
to (he air wU have travelled twice down to the water and 



□ such a height that 

)uth the column of air 

es in unison with (he 

) decide the height 




back again during the time of a complete vibration of the 
fork (Art. 156). If therefore we measure the length of the 
column and multiply it by four we find the length which the 
blow has travelled in air during one vibration of the fork, and 
hence if we have previously ascertained how many such blows 
arc delivered in one second we can find the velocity of sound. 
ISla. The Byrtn, — Another instrument for this purpose is 
the Sjren, invented by Cagniard de La Tour, which is ex- 
hibited in Figs. 51a and 51*. 
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It consists of a hollow cylindrical box which may be 
attached by means of a tube, /, to a bellows ; this box has a 
fixed cover, c, in which there are a number of holes. Upon 
this fixed cover there is placed a movable disc, or cover, ^, 
also fitted with holes, which may be made to correspond with 
those of the fixed cover. The movable disc is capable of 
rotating^ on the fixed cover with very little friction. It has 
a steel axis attached to it which is connected by means of 
suitable machinery with a dial plate. This dial plate records 
primarily the number of rotations of the movable disc over 
the fixed one. 

Now when the movable disc is in such a position that its 
holes are immediately over those of the fixed cover, the air 
from the bellows will escape in puffs, but when the two series 
of holes do not coincide the air will not escape. If the 
movable disc rotate very fast we shall have a series of puffs 
of air at frequent intervals, and the holes are so arranged 
that these shall be regular intervals. The consequence will 
be that the puffs will form themselves into a musical note, the 
pitch of which will be hig-h when the rotation is fast. 

The peculiarity of the syren is that the air of the bellows 
is made to keep up the rotation. In order to do this the 
opening's on the fixed cover are not perpendicular, but oblique, 
and the openings of the disc or movable cover are also 
oblique, but sloping in an opposite way from those of the 
fixed cover. The consequence is that when a hole of the 
one is above that of the other the two do not form a straight 
hole, but rather two holes meeting at an angle. The air thus 
rushes out obliquely from the movable cover, and the conse- 
quence is a motion of the cover itself in an opposite direction 
by virtue of the third law of motion. The upper disc will 
thus be made to move over the fixed cover with a velocity 
depending upon that of the current of air which is forced 
through the holes. Thus, by attaching the tube / to a 
bellows, and by varying (as we can) the force of the bellows, 
we may drive the upper disc with any required velocity and 
produce any note we wish. 

The pitch of the note will depend upon the number of puffs 
of air given out in one second, and this will be recorded by 
the dial, the indications of which can easily be obtained by 
the aid of a stop-watch. 
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1611>. Velocltr of Sound In Air. Soandlnc-ftantCB.— Lft 

us suppose that we are required to find the velocity of sound 
in air by means of experiments in a room of ordinary size. 
To do this let us procure a tuning-fork and a syren such as 
the one we have now dcscdbed. The firet operation will be 
to drive the syren at such a rate that the note which it gives 
out is exactly that of the tuning- 
fork, and then to find by means 
of the dial and stop-watch how 
many puffs or vibrations in one 
second correspond to the note. 
In order to do this conveni- 
ently it will be well to procure 
a •onndlUB-flaine (see Fig'. 51^) 
which gives out the note of Ihe 
tuning-fork. Forthispurposegas 
(coal-gasor hydrogen generated 
by the action of zinc and sulphuric 
acid) is made to escape from the 
orifice of a fine glass tube so 
that when lighted it forms a 
small flame. This little gas jel 
is next inserted into a 
drical tube the length of which 
may be varied at pleasun 
When burning in the cylindrical 
tube the gas does so 
nilttenlly, and by means 
series of small explosioi 
regular intervals which thus 
produce a musical note. The 
p„ ,^_ pitch of this note depends upon 

the length of lube within which 
the jet bums ; the note will in fact be the very note which 
such a tube gives out when acting as an open organ-pipe. 
Adjust, therefore, the cylindrical lube until the note given 
out by the sounding- flame is that of Ihe tuning-fork. We 
have thus procured what is equivalent to a tuning-fork that 
does not cease sounding but goes on continuously. 

I61c. Beats. — The next stage of Iho operation is to adjust 
the bellows so thai the syren gives out the same note as the 
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soundings-flame and hence also as the tuning-fork, and then 
to ascertain by means of the registering disc how many 
pufls of air in one second this corresponds to. If the observer 
has not a good musical ear this may be done by the method 
of bests. To explain this method let us suppose that two 
musical notes are continuously given out by two instruments, 
one representing 512 and the other 513 vibrations per second, 
and that both notes reach the ear at the same phase to begin 
with, that is to say a condensation of the one corresponds to 
a condensation of the other, and a rarefaction of the one to a 
rarefaction of the other. The united note will therefore be 
much strengthened. At the end of the first second they will 
likeivise be at the same phase, and will strengthen each other ; 
but inasmuch as the one has gained one vibration over the other 
it follows that half a second after the commencement the 
two will be in opposite phases, a rarefaction of the one 
corresponding to a condensation of the other, and the united 
note will therefore be weak. So that there will be something 
like a swell and a lull, a swell and a lull, the period of this 
alternation being one second. We have in fact, adopting 
technical language, one beat each second. 

Suppose next that the one note gives out 512 vibrations 
in one second or 1,024 in two seconds, and the other 1,025 
in two seconds. There will now be a beat, but its recurrence 
will be once every two seconds, and so on. Here the 
law is sufficiently obvious. What we have to do therefore 
is to adjust the cylindrical tube of the sounding-flame until 
we get fast beats with the tuning-fork, and then go on 
adjusting the former until the beats get slower and slower 
and finally die away. We may now be sure that the sound- 
ing-flame vibrates in unison with the tuning-fork. Having 
got a properly adjusted continuous sounding-flame we next 
in like manner manipulate the syren until it gives us the same 
note as the sounding-flame, and therefore as the tuning-fork, 
reading meanwhile upon the dial by aid of a stop-watch, or 
otherwise, the number of puffs in one second which corre- 
sponds to the note. 

161d. Wave-length of Tuning- Fork. — We have now de- 
termined the number of vibrations given out by the tuning- 
fork in one second. Let us next procure a long cylindrical 
tube T (Fig-, si^, which we may fill up to a.t\'^ TfeQ^vcfedk.\v«i\^c>x. 
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with water by moving it up or down in a jar of water, c, and 
let us bring" the vibrating tuning-fork, F, above the mouth of 
this vessel. Let us next adjust the position of the tube until 

the tuning-fork when held 
above the mouth resounds 
very strongly. We may now 
be sure that the time of com- 
plete vibration of the tuning- 
fork is that which the pulse 
takes to move twice down 
the tube (to the water) and 
twice up (four lengths in all), 
for in this case the fork and 
the air-tube are in unison, 
and hence by measuring the 
distance between the mouth 
of the tube and the water 
and multiplying this by four 
we may find the wave-length 
for the note of the fork in 
air. 

Knowing its time of vibra- 
tion and its wave-length, we 
at once determine the velocity 
of sound in air. 

Then let the fork make 512 
Fig. sie/. complete vibrations in one 

second, and suppose that it 
vibrates in unison with an air-column of 6*i inches. Then 
the wave-length will be 24*4 inches, and hence the velocity of 
sound in air will be 

512 X 24*4 inches = 1,041 feet per second. 

By a similar means we may determine the velocity of 
sound in any other gas, for we have only to fill the tube with 
this gas instead of air and make the observation. 

In like manner we may determine the time of a complete 
longitudinal vibration of a rod of any metal fixed at one end 
and free at the other, and knowing that the wave-length of 
its notes is four times the length of the rod we may determine 
the velocity of sound in the substance of the rod. 
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10a. Qr*pUe«t TepreBcntKUon of VlbrstlonB.— One of 
the best methods of making vibrations apparent is that of 
U. Lissajous, which is represented in Fig. 52. The essentials 
of the arrangement are, in the first place, a luning-fork with 
a. small mirror attached to one arm, and a small counterpoise, 
in order to balance the mirror, to the other. 

A ray of hg-ht from a hole in a darkened chimney of a lamp 
is made to fall upon this mirror, and is reflected from it to- 
wards another mirror, m ; it then falls upon a lens, /, which is 
so arranged as to throw upon a screen a small luminous point, 
bring the image of the hole in the dark chimney of the lamp 




from which the light originally proceeds. Thus, if (he tuning- 
fork be at rest, we shall simply have a luminous point on the 
screen ; but if it has been put into vibration, the mirror will 
of course move along with it, and the result will be tbat the 
luminous dot of light will oscillate on the screen up and down 
with each vibration of the mirror. Bui these oscillations will 
be so rapid that the eye will merely perceive on the screen a 
luminous line of light, on the same principle that when a 
burning brand is twirled rafiidly round we see a continuous 
circle of light. Now if, while the tuning-fork is in a state of 
vibration, we make it rotate, a curved 01 s\nuou& \in^V 'utia 
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• 

will appear on the screen instead of the straight line we have 
mentioned, the amount of sinuosity depending" on the relation 
between the rapidity with which the tuning-fork vibrates, and 
that with which it is made to rotate. We are thus furnished 
with a visible representation of the vibrations of the tuning- 
fork. 



► 



CHAPTER VI 
HEAT 

Lesson XX.— Temperature 

163. Introductory' — It is proposed in the present chapter 
to discuss that form of molecular energy which we term heat. 
As, however, this word is used to denote two kinds of energy 
— one of which is capable of residing" in a body, while the 
other kind traverses space with an enormous velocity — we 
shall at present confine our attention to the first of these, 
leaving the last, or radiant energy^ to form the subject of 
another chapter. 

It will be convenient to consider — I. The various effects of 
heat upon matter. II. The laws regelating the distribution 
of heat through space. III. The relation between heat and 
other kinds of energ^y. 

164. Temperature. — In the first place, let us consider 
temperature. This word is used to denote the state of a body 
with respect to sensible heat. 

To illustrate the meaning of the word, let us suppose that 
of two substances, such as a quantity of water and of mercury, 
each contains heat to such an extent that when they are 
brought intimately together there is no transference of heat 
from the one to the other, but each keeps what it has ; then 
these two substances are said to be of the same temperature. 
But if, when the water and the mercury are shaken together, 
the water parts with some of its heat to the ttvercwt'^ , ^Jcvfexv >^^ 
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water is said to be of a higher temperature than the mercury ; 
while, on the other hand, if it receives heat from the mercury-, 
it is said to be of a lower temperature than the mercury. We 
may look upon temperature as heat-level^ and imagine that, 
just as water flows from a higfh level to a low one, so heat 
flows from a body of high to one of low temperature. 

165. Bodies in g^eneral expand througrl^ Heat. — Let us 
take a brass ball and a ring", such that at the ordinary tem- 
perature the ball will only just pass through the ring. This 
apparatus, which is shown in Fig. 52a, is called Gravesande's 
Rinp. Now if we heat the ball intensely by a flame, owing to 

the expansion occasioned by heat we 
shall no longer be able to force it 
through the ring. 

Next let us take a bladder that is 
nearly but not quite filled with air, and 
place it beside the fire ; the air within 
the bladder will soon expand through 
the heat, so that the bladder will appear 
to be quite full of air. 

There are however exceptions to the 
law of expansion. Thus water between 
the temperatures of o" C. and 4** C. con- 
tracts instead of expanding through 
an increase of heat, while after 4** C. 
it begins to expand in the usual way, at first very slowly, 
but, as the temperature rises, with increasing rapidity. 

166. Measurement of Temperature by Thermometers. — 
As we can only perceive heat through its effects upon bodies, 
we must make use of some one of these as a means of 
measuring it. The expansion caused by heat is probably 
the effect most convenient for this purpose ; and if the same 
body always expanded to the same extent for equal incre- 
ments of temperature, there would be no difficulty in mea- 
suring temperature exactly by these means ; but this is far 
from being the case. Thus a gramme of water will occupy 
the same volume at 0° C. and at 8° C, so that in this case we 
cannot correctly estimate the temperature by means of the 
volume. In fact water near its freezing-point (o" C.) is under- 
going very rapid molecular changes, and in general liquids 

near their /reezing-points, or soWds tvear iVievt isveltvng-points, 
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are not well fitted to be used as the means of measuring' 
temperature by their change of volume. On the other hand, 
a gas such as atmospheric air, which is with great difficulty 
condensed into a liquid by the most extreme cold, is admirably 
adapted for the purpose of measuring temperature as far as 
accuracy is concerned. Nevertheless, an air thermometer 
is a most inconvenient instru- 
ment for ordinary use. 

A mercurial thermometer is 
•best adapted for general pur- 
poses, being very convenient 
and tolerably accurate, al- 
though when extreme accu- 
racy is desired it ought to 
be corrected by means of an 
air thermometer. 

167. Mercurial Thermo- 
meter. — This instrument is 
constructed on the principle 
that mercury expands more 
than glass. In order to make 
a mercurial thermometer, let 
us take a glass tube, having 
a narrow capillary bore with 
a bulb or cylinder D blown at 
one end of it, the other end c 
being funnel-shaped, being in 
the meantime open so that 
the bulb is filled with air (see 
Fig. 52^). Let the bulb next 
be heated over a lamp, in 
consequence of which the air 

in the bulb will expand, and part will be driven out at the 
mouth of the tube. Next, before the bulb begins to cool, let 
the mouth of the tube be filled with pure mercury. During the 
process of cooling, the air left in the bulb will contract, and 
the pressure of the atmosphere will cause the mercury to rise 
in the tube until part of it gets into the bulb. Having by this 
means got some mercury into the bulb, the next operation is 
to boil the mercury in the bulb until not oul^ lV\c bvWi \i>\\. «\so 
the capillary tube is fiUed with the vapour ot tuercvir^, '^Viff^ 

O 2, 
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this has been accomptished, let the end of the tube be once 
more cooled. As there is now no air in the tube or in the 
bulb, but only vapour of mercury, when this cools there will 
be a vacuum, and the mercury at C will be forced by the 
atmospheric pressure until it fills the bulb. When the bulb 
and tube have by this process t>een filled with mercury, the 
tube is then hermetically sealed ; and when the instrument 
has cooled, it will be found that the mercury will till the bulb 
and part of the tube, the other part being; left empty. 

If we heat an instrument of this kind, the glass of the bulb 
will expand through heat, and likewise the mercury ; but the 
mercury will expand more than the glass, and the consequence 
will be that the mercurial 
column will rise in the stem. 
In like manner, if the instru- 
ment be cooled, the mercury 
will contract more than the 
glass, and the column of mer- 
cury will fall. If the capillary 
bore be fine enough, a large 
rise of the column of mercury 
may be caused by a compa- 
ratively small elevation of 
temperature, and a thermo- 
meter may thus be made to 
indicate differences of tem- 
perature with very great 
Tig 5k delicacy 

ISB DeUnnliiatlon of 
Flxsd Points — Having thus constructed our instrument, the 
next operation is to mark olf on the stem the heights of the 
mercurial column corresponding to the freezing and the boiling- 
points of water. To ascertain the freeiing-point, the instru- 
ment is plunged into some nulling ice, where it is allowed to 
remain for abouta quarter of an hour (see Fig. Jlf) — the figure 
shows three thermometers under test at the same time. A mark 
is then scratched on the stem at the termination of the mercurial 
column. This point denotes sero of the centigrade scale. 

The next thing is to determine the boiling-point of water, 
and here it must be borne in mind that this point is not 
J/fce t/ie freezing- pwnt, but varies ■wl.Vi \.'i« 'piesaure 
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of the atmosphere ; indeed it is well known Ihat water will 
boil at a much lower temperature in an exhausted receiver 
thsn in the open air- 
Let us suppose, for the sake of simplicity, that this pressure 
at the moment when the experiment is made is exactly equal 
to that of a column of mercury 760 mm. in length, and having 
the temperature of the freezing-point of water i in other 
words, let the barometric height be 760 mm. Let us now 




i the thermometer in steam arising- from pure water 
boiling under this pressure, and mark off as before the 
termination of the mercurial column. The point so marked 
will denote 100° on the centigrade scale. 

In marking off this point it is necessary that n 
bulb but also the stem of the thermometer up t 
p<nDt marked should be exposed to the steam, and 
do this properly we make use of 
Regnaull's Apparatus, which is represented both externally 
and 'internally ill Fig. $3. The thermomclot \.vi>jc vi v[w«,^eftL 
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into a thick piece of india-rubber, which is made to cover 
tightly the top of the instrument, and the stem is lowered until 
the mercurial column just appears above this cover when the 
water is boiling ; all the stem is thus exposed to the action of 
the steam. The bulb of the thermometer is not plunged into 
the water, but remains suspended above it ; and the steam is 
conveyed first up through an interior chamber, and then down 
again, until it finally leaves the exterior vessel through the 
aperture c. The whole of the thermometer is thus well 
surrounded by the steam, and by a cylinder which has the 
temperature of the steam. 

169. Graduation. — Having thus ascertained and marked 

off the two fixed points, the 
next thing is to graduate the 
instrument. If the bore of the 
capillary tube be of equal size 
D' throughout, the divisions denot- 
ing degrees will all be of equal 
length ; and if the Centigrrade 
scale be adopted, there will be 
just one hundred of these spaces 

g.__iUL- _«<.- JUi. ij b' between the freezing-point and 

the boiling-point marks. The 
a' glass stem of the instrument 
should therefore be etched ac- 
cordingly, the freezing-point of 
water being zero, or o", and the 
boiling-point 100°. In general 
the graduations are extended 
from somewhat below the freezing-point to somewhat above 
the boiling-point, those below the freezing-point being reckoned 
negative, as, for instance, »- 1°, - 2"*, and so on. 

We have here adopted the centigrade scale, which is that 
now chiefly used by men of science ; but besides this there is 
the scale of Fahrenheit, which is very much used in this country, 
and finally there is that of Reaumur, which is extensively used 
throughout Germany. The relation between the three scales 
is shown in Fig. 53^, which represents three exactly similar 
thermometers provided with the three scales. 

In the Fahrenheit scale, the freezing-point of water is 
termed jj° and the boiling-point 212°. A centigrade degree 
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is therefore greater than a Fahrenheit degree in the propor- 
tion of nine to five. In a Fahrenheit thermometer a tem- 
perature 32** below the freezing-point is termed zero, while 
one ten degrees lower is called - 10°, and so on. To reduce 
centigrade to Fahrenheit the following formula is used : 

while to reduce Fahrenheit to centigrade we have 

C = (F - 32)5 

The use of these formulae will be seen from the followmg 

examples. 

Example /. — Find the degree of Fahrenheit which corre- 
sponds to 45** Cent. Answer, — Here 

9C^9JL45^8 
5 5 

and hence F = 81 + 32 = 113°. 

Example II. — Find the degree centigrade which corresponds 
to 86** Fahr. Answer. — Subtracting 32° from 86°, we find that 
the temperature is 54° Fahr above the freezing-point. Hence 

C = 54 X 5/9 = 30' 

Example III, — What degree Fahr. corresponds to - 40' C. ? 
Answer, — The temperature is 40 x 9/5 = 72" F. below the 
freezing-point, or 40° F. below the zero of Fahrenheit. Hence 
- 40^ C. = - 40° F. 

In the scale of Reaumur, since the freezing-point is reckoned 
zero, and the distance between it and the boiling-point is divided 
into 80 parts. 

To reduce centigrade to Reaumur, we have therefore the 
following expression : 

while to reduce Reaumur to centigrade we have 

C = ^— 

4 

170. Oorrection to a Mercurial TheTxaoxcAXwt.— ^n«.v^ 
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when a mercurial thermometer has been constructed in the 
best manner possible, being correctly pointed off, and having 
the volume of the bore between the two points accurately 
divided into equal parts, there are nevertheless certain cor- 
rections which must be applied in order to get the true tem- 
perature. 

The first of these is for the change of zero. Let us suppose 
that immediately after graduation o° C. exactly denotes the 
temperature of melting ice, and that in the course of half a 
year we plunge the instrument once more into melting ice ; 
its temperature will not now be denoted by o° but perhaps 
by + o'''3. This is expressed by saying that zero has risen 
three-tenths of a degree, and all thermometers are subject to 
a rise of this kind, more especially if they have been recently 
made. The cause is probably to be sought for in the sudden 
cooling of the bulb when it is blown and filled. The glass is, 
in fact, comparatively unannealed, and its particles are in a 
state of constraint, the tendency of the bulb being gradually 
to contract in size, but with greater rapidity at first. On 
account of this the mercury is pushed up the tube, and in 
consequence the reading of the instrument corresponding to a 
fixed temperature, will get higher and higher. To correct 
for this source of error, the thermometer ought to be plunged 
occasionally into melting ice, and its reading noted. The 
amount of alteration thus becomes known ; for instance, if we 
find that the zero has risen two- tenths of a degree, this amount 
has simply to be deducted from the readings at all tempera- 
tures in order to obtain a correct result. 

Besides this permanent change there is also a temporary 
change produced by suddenly heating and cooling the instrument. 
Thus, if a thermometer be plunged into boiling water and 
then suddenly withdrawn, its zero will be found to have 
fallen, and its reading in melting ice may now be -o^'i. 
In the course of three weeks or so the instrument will 
probably have overcome this temporary change of zero, and 
the freezing-point will again have risen to what it was 
before. 

On account of this effect produced by heating the instrument, 
the freezing-point of a thermometer should always be first 
marked off, and the boiling-point afterwards ; for if the 
freezing-point be determined immediately after the instru- 



LESS. XX HEAT 20I 

ment has been in boiling water, tlie determination will be 
unquestionably erroneous. 

In the next place, there is a correction on account of the position 
in which the instrument is held. If the fixed points have 
been determined in a vertical position of the instrument, then 
it must always be used in a vertical position ; if these have 
been determined in a horizontal position, then the instrument 
must be read horizontally. 

The reason of this is, that at the same temperature a 
thermometer, especially if the column of mercury be long", 
will give a lower reading in a vertical than in a horizontal 
position, since the hydrostatic pressure of the column of 
mercury will not only tend to compress the mercury, but also 
to enlarge the bulb. In like manner a thermometer will read 
lower in an exhausted receiver than in the open air, for the 
effect of the air pressure upon the bulb has a tendency to squeeze 
it together, and to force the mercury up the stem, so that when 
this is withdrawn the column will fall. 

Finally, if the bulb of a thermometer be plunged into a 
medium of high temperature, such as boiling water, while the 
stem remains exposed to the air, which is of a much lower 
temperature, the reading of the instrument will not denote 
the true temperature of the water. It would have done so 
had the whole of the stem, as well as the bulb, been exposed 
to the water, but this is not the case. If the stem from o* 
to ioo° be exposed to air at the temperature of the freezing- 
point, while the remainder is immersed, along with the bulb, 
in boiling water, the temperature denoted will only be 98°*4 
instead of ioo°. The exact reading will, however, depend to 
some extent upon the nature of the glass of which the instru- 
ment is made. 

When these corrections have been applied, a mercurial 
thermometer, well graduated, may be considered to be a 
tolerably good, though not a strictly accurate, instrument. 

171. Other Thermometers. — A thermometer filled with 
alcohol instead of mercury is sometimes used for very low 
temperatures, since mercury freezes much sooner than alcohol. 

Such a thermometer is also often used for a self-registering 
minimum thermometer, in order to give the lowest tempera- 
ture which has been reached. For this purpose there is a 
small glass index of dumb-bell shape immersed m \.Vv^ <io\>\twcv 
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of alA^hol, as shown in Fig^. 53^. In setting the ii 
ment this index is brougfht to the extremity of the col 
and the instrument is then placed in a horizontal pos 
Should the temperature rise, the alcohol will expand and 
past the index ; but should the temperature fall, the al 
will contract and carry the index with it rather than adi 
the concave capillary surface of the column beings brt 
The lowest temperature reached is thus regfistered. 

A maximum thermometer may be constructed on a si 
principle. Instead, however, of alcohol mercury is used, 1 
on expanding pushes forward a small iron index (see 
53d). When the mercury contracts it leaves the iron ; 



r^^^^yy^yr^y^^^^^^^y 




Fig. 53^. 

behind, indicating the highest temperature reached. By n 
of a magnet the index may be brought again to the end c 
mercury column and the instrument is ready for a sc 
observation. 

In Phillips's maximum thermometer, part of the cohii 
separated from the main body of the mercury by a littli 
The instrument when in use is laid in a horizontal pos 
When the mercury expands the pressure of the air pi 
this broken column on before it, but the column does 
recede when the mercury again contracts. The hij 
temperature reached is thus registered. 

An important maximum thermometer is that employe 
medical men called the Clinical Thermometer. It h 
range of from 95° to 115" F. (see Fig. 53^:). When in us 
mercury column is continuous, and as the mercury exf 
it flows past the narrow constricted part near the bulb 
when the thermometer cools the mercury thread remai 
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the tube separating; from the main bulk of the mercury, and 
thus indicates the highest temperature reached. The instru- 
ment is again made ready for use by a sharp down- 
ward movement of the thermometer so as to force 
the mercury thread to unite with the liquid in the 
bulb. 

171k. The DlfferBRtlBi Thermometer. — Leslie 
has constructed an instrument called the Differential 
Thermometer, foi showing the difference in tem- 
perature between two neighbouring places. This 
instrument is represented in Fig. 54. In it two 
bulbs, A and B, filled with 

air, are connected together ^ 

by a bent tube, the lower 
part of which is filled with 
some coloured liquid. 

This liquid will have both 

level if A and b are of the 

same temperature, but if a 
is hotter than B its air-pres- 
sure will therefore be greater 
than that of B, and the liquid 
will be driven up the stem 
of B by the expansion of the 
air in a ; the motion will bo 
reversed if B be hotter than 
A. Such an instrument may 
be made to indicate differ' 
ences of temperature with 
very great delicacy. It is 
■ now superseded by the thermopile and other 




Lesson XXI.— Expansion of Solids and Liquids 
THROUGH Heat. 
17a. Bxpaaslon of Solids. IilDear Expanslon.—In the 
first place, let us consider the change in length of a solid rod 
or bar through heat. Several methods of estimating this have 
been proposed. The plan which is often adopted is to fix the 
bar at one end, and, having healed it, lo noVc ti\c sOiXcca^v^in 
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in the position of the other end. This alteration may be 
magnified by optical means, such as a microscope, or by 
mechanical means, as, for instance, by an arrangement of 
levers. The following figure will illustrate how a com- 
paratively small expansion may be rendered visible by me- 
chanical means. 

A rod A is fixed at one end by a screw b, while the other is 
pressed against by the small arm of a lever, the other arm of 
which (p) forms a pointer. This pointer moves along a gradu- 
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ated scale, and any increase in the length of the rod will push 
the short arm of the lever to the left, and hence the pointer 
will travel to the right. It is evident that by having the 
pointer sufficiently long a very small expansion may thus be 
rendered visible. 

17fla. Definition of Coefficient of Expansion. — Before 
proceeding further it may be well to define what is meant by 
the "coefficient of expansion." Suppose, for instance, that 
we have a brass rod, the length of which is unity at o** C. ; 
then at i" C. its length will be found to be I'ooooiS; hence 
•000018 is the linear coefficient of the expansion of brass for i"" 
centigrade. If it be heated f, the increase in length will be 
•000018/, and if instead of being of unit length it is of length 
L, then the increase will be L x 'ooooiS/. 

Generally if L© be the length of the body at 0°, and Lj its 
length at /"*, and a the coefficient of expansion, we have 

Lt = Lq + La 0/ 
which may be written 

L, = Lo (i + o/) 

where a is the coefficient of expansion. 
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Example, — A bar of steel is 3 metres long" at o' C, what will 
be its length at 50** C, the coefficient of expansion of steel 
being '00001136? 

Answer, — LgQ = L© (i +0/) 

= 3 (i + '00001136 X 50) 

= 3 '000568. 

In the following table we have the linear expansions of some 
of the most important solids, the range of temperature being* 
that between the freezing and the boiling-point of water : — 



Table No. 


15- 


—Coefficients of 


EXPANSION 


Name. 






Coefficient. 


Glass (mean result) 


'OOOO0853 


Copper 


>> 


• 




'OOOO1716 


Brass 


>> 


• 




•00001880 


Soft iron 


)> 


• 




'00001198 


Cast iron (1 


mean result) 




'00001090 


Steel 








•OOOOII36 


Lead 








•00002818 


Tin 








•00001959 


Silver 








•00001923 


Gold 








'00001441 


Platinum 




99 * * 




•00000870 


Zinc 




• • • • 




•00002976 



173. Variation of Coefficient. — It ought, however, to be 
borne in mind that in such determinations as these we are not 
always sure of the chemical purity of the bar upon which our 
experiments are made. 

Again, even in those substances which have the same 
chemical composition, the molecular structure may be very 
different, in consequence of the treatment they have under- 
gone. Thus, for example, we find that the expansion of the 
various kinds of glass for lOO** ranges from '000776 to '000918, 
probably on account of difference in chemical composition ; 
and that steel tempered yellow has for its expansion '00 1240, 
while untempered steel has only '00 1080, the difference here 
being probably due to the treatment which the steel has under- 
gone in the operaiWon of tempering. 
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174. Deflnltlon «f CoeSclent of Cnbical ExpMwlon.— 

Hitherto our object has been to find how much a solid in the 
shape of a bar or rod has increased in leng'lh through the 
application of heat ; but let us now suppose that we wish to 
estimate its increase of volume. Suppose, for instance, [hat 
we have a solid cube, Fig. 55a, the side of which is unity, and 
that through the effect of heat this side has become — I'oooor, 
the volume of the solid will now be 

(rooooi)* = 1-00003000030000 1 = i'00003 very nearly. 
Thus while the coefficient of linear expansion is -ooooi, that of 
cubical expansion is "00003, or three times as great as the other. 

175. BrdrOBtatlc Method of Determination.— There are 
different methods of determining experimentally the cubical 

expansion of solids. One of these is 
10 weigh the solid at different tempera- 
tures in a liquid of which the specific 
gravity at these temperatures is accu- 
rately known. 

As an example of this method, 

let us suppose that a solid weighs 

600 grammes in vacuo, and only 400 

-f^^i-'oooi-—^ grammes in a fluid at o°C., of which 

Fig. 55a, the specific gravity is ra, while it 

weighs 406 grammes in the same fluid 

at 100° C., for which temperature the specific gravity of the 

fluid is known to be i '16 1 find what is the cubical expansion 

of the solid between these two temperatures? 

Now, since the loss of weight of a solid in any fluid is equal 
to the weight of the bulk of that fluid which it displaces, 
600 - 400 = 200 grammes must be the weight of the fluid 
whose specific gravity is 1*2, which is displaced by the solid 
at 0° C. But according to the metrical system, had the 
specific gravity of the fluid been I'o, the ioo grammes of 
weight would have exactly corresponded to a volume equal 
to 200 cubic centimetres ; as, however, the specific gravity is 
I '2, the volume will be less in this proportion, and hence the 
volume displaced at o°C. will be 200/1-2 = 166-6. 

In like manner, at 100" C. the loss of weight being 194 
grammes and the specific gravity i-i6, we have the volume 
displaced = i94/ri6 = 167-1. We thus perceive that a 
qiumtity of the solid, of which the voVumc was i€6-6 at 0° C, 
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has a volume equal to 167*2 at 100*, showing a proportional 
cubical expansion of 



167*2 , 

- I = *OOTO 

i66*6 ^ 

between these two points. 

In the following table a comparison is made between the 
linear and the cubical expansion of the same substances, the 
two sets of expansions being independently determined, and it 
will easily be seen that in all cases the cubical is as nearly as 
possible equal to three times the linear expansion. 

Table No. 16.— Comparison of Linear and Cubical 

Expansion. 

Mean Linear Mean Cubical 

Substance. Expansion between Expansion between 

0° and 100°. 0° and 100°. 

Glass '000853 -002540 

Copper .... '001716 '005127 

Lead -002818 *oo89oo 

Tin *ooi959 *oo690o 

Zinc *oo2976 '008900 

Iron '001204 '003546 

176. Remarks on the Expansion of Solids. — (i) The 

relation between cubical and linear expansion that was proved 
in the preceding^ article presupposes that a solid expands 
equally in all directions, so as always to preserve a similarity 
of fig'ure. This is not, however, in general the case. Three 
classes of exceptions must be noted : — 

(i) Crystals, which expand unequally in different directions ; 
and we cannot, therefore, deduce for these bodies the linear 
from the cubical, or the cubical from the linear expansion. 

(2) In the second place, althoug-h solids in general expand 
through heat, yet there are exceptions to the rule, one of the 
most notable being Rose's fusible metal, ^ which after a certain 
point contracts instead of expanding if the temperature be 
increased. 

(3) In the next place, solids in general expand more rapidly 
at high than at low temperatures. Thus a certain glass, of 
which the cubical expansion between o" and 100" C is at the rate 

1 Rose's fusible metal is made of four parts of bismuth, one of leaid.^ 2^d ocss^ 
of tin. It melts at 94° C. 






2o8 ELEMENTARY PHYSICS chap, vi 

of '0000258 for 1° C, will, between 0° and 300° C, expand at 
the rate of '0000304. 

177. ZSzpanBion of laiquids. — As a liquid must always be 

contained in a solid vessel, the expansion of liquids may 

be said to be of two kinds — either apparent or real. The 

apparent expansion of a liquid througph heat means the 

apparent increase of volume of a liquid, contained 

in a vessel that expands throug-h heat to a smaller 

extent than the liquid which it contains. Agfain, by 

real expansion we mean the true expansion of the 

liquid, without reference to the containing* vessel. 

It is real, not apparent, expansion which we shall 

now consider. 

177a. Determination of Real Expansion.— 
There are various methods of finding' the true expan- 
sion of a liquid. 

Method I, — A large thermometer (Fig". 55^) with 
large bulb and provided with a graduated stem was 
used by Pierre. The volume of the bulb and of each 
division of the stem was ascertained by means of 
mercury. When the thermometer has been filled 
with the liquid whose expansion we wish to deter- 
mine, it is exposed to various temperatures, and for 
each of these temperatures the height of the column 
of liquid in the stem of the thermometer is accurately 
noted. Thus, knowing the capacity of the ther- 
mometer at the various temperatures, we come to 
know the volume occupied by the liquid at those 
Fig. 55/'. temperatures, and from this the amount of its ap- 
parent expansion may be found, and thence the real 
expansion may be deduced if the co-efficient of the glass has 
previously been ascertained. 

Method II, — This has been used by Matthiessen with great 
success. A long rod of glass has its linear expansion deter- 
mined at various temperatures with great exactness, and a 
short piece of this rod is broken off, the cubical expansion of 
which is reckoned to be three times its linear expansion. Now 
knowing the cubical expansion of this piece of gr^^^ss, we have 
the means of knowing its volume at various temperatures if 
the hydrostatic method of Art. 175 be now applied. 
J^xam//e, — SupiposQ that we have delermuved that one piece 
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of £^lass has a linear expansion equal to '00090 between 0° and 
loo** C. : hence its cubical expansion between these limits will 
be '00270, and hence a piece of glass whose volume at o** C. 
is unity will have at 100'' C. a volume equal to 1*0027. Now 
let us suppose that at o' C. this piece of glass loses one 
gramme of its weight in the fluid in which it is weighed, while 
at 100" C. it only loses 0*96 of a gramme. We thus learn that 
at o** C. a volume equal to unity of the fluid in question weighs 
one gramme, while at lOo'' C. a volume equal to i '0027 of the 
same fluid weighs 0*96 of a gramme. It would therefore 
require a volume of the fluid at loo** C. of 

100 
I '0027 X — - 
9b 

to weigh a gramme ; or, in other words, a volume equal to 
1*0444 of the fluid at 100° C. will weigh the same and contain 
as many particles as a volume 
equal to unity at o** C. The pro- 
portional expansion of the fluid 
between o" and 100'' C. will there- 
fore be "0444. 

178. Absolute Expansion of 
Mercury. — In estimating the ex- H 
pansion of mercury Dulong and 
Petit adopted a different method 
from either of these which we 
have now described. The prin- 
ciple of this method consisted in Fig. 55c. 
filling a U-shaped tube with mer- 
cury (Fig. 55^), one limb being kept at 0° C, and the 
other at a high temperature. The mercury in the heated 
limb was, of course, specifically lighter than that in the 
other ; and hence, since the two columns were connected, 
and therefore balanced one another hydrostatically, the hot 
column necessarily read higher than the cold one. In fact, in 
such a case the heights H and A would vary inversely as the 
densities, so that by knowing the heights the densities might 
be determined. Now when we know the density of mercury 
at two temperatures, we have the means of deducing its 
expansion between these two temperatures quite independently 
of the expansion of the glass. This may be i^tciN^d ■a.'^ 
follows :—ChI1 d and d the densities of l\\e co\A. axvA.VwoX.'^QCajA^ 
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respectively, then it follows from that principle of hydrostatics 
that 

'h—d ^^) 

But the mass in grammes of a substance is equal to its volume 
multiplied by its density, or calling Vq the volume of any mass 
M of the liquid at o**, we have 

M = VoD (2) 

But at the high temperature of /", the volume of the mass is 
Vfl (i + o/) and its density is d^ hence 

M = Vo(i+a/)^ (3) 

From equations (2) and (3) it will follow that 

-^ = I + «^ (4) 

Hence applying equation (i) we have 

H 

— = I + td 
n 

or 

" = -^ 

Hence if the heights of the liquid columns and the temperature 
of the heated one are known, the absolute coefficient can be 
calculated. The tendency of the hot and cold liquids to mix 
was retarded by making, as shown in the figure, the lower 
portions of the tubes capillary. 

Using an improvement of this method Regnault has obtained 
the following result : — 

Table No. 17.— Expansion of Mercury. 

True temperature as Whole expansion from 0° to /* of a 

determined by an volume of mercury equal to 

air thermometer (/). unity at 0°. 

o "oooooo 

10 '001792 

20 "003590 

30 '005393 

40 '007201 

50 '0090I3 
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Table No. i8. — Expansion of Mercury {coniinued). 



True temperature as 
determined by an 
air thermometer {t) 

lOO 

150 

200 

250 
300 

350 



Whole expansion from 0° to f of a 
volume of mercury equal to 
unity at 0°. 

•018153 
•027419 
•0368 I I 
•046329 

•055973 
•065743 



It will be seen from this table that the rate of expansion of 
mercury varies with the temperature. Thus for the fifty 
degrees between 0° and 50* the 
expansion is •009013, while between 
300** and 350^ it is '009770. 

179. Expansion of Water. — 
We shall now allude to a peculiarity 
which water exhibits with respect 
to its expansion. This liquid, it is 
well known, freezes at o* C. ; but if 
heat be applied to water at its 
freezing-point, the water does not 
expand, as might be imagined, 
but contracts until the tempera- 
ture 4° C. is reached, and from 
this temperature it continues to 
expand. 

Water thus exhibits a point of 
maximum density at 4*, and the fact 

may be easily shown by means of the following apparatus 
devised by Hope. 

It consists of a glass vessel filled with water at the ordinary 
temperature (Fig. 56), and having in its sides holes through 
which two thermometers are inserted — one near the top and 
the other near the bottom of the instrument. The middle of 
the instrument is surrounded by an outer receptacle, into 
which a freezing mixture is put. As the temperature begins 
to fall from the effects of the mixture, the lower thermometer 
is at first much affected, and the upper one hardly at all. 
The reason of this is, that the water » beVu^ cooVi^i \s>j 'Ccva 




Fig. 56. 
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freezing mixture, gfrows specifically heavier, or contracts, 
and therefore descends, and is replaced by lighter and warmer 
water from below. The lower thermometer is therefore 
chiefly affected, and this will continue until the water attains 
the temperature of 4", at which point the lower thermometer 
will cease to fall. After this point, the water being still cooled, 
but growing now specifically lighter, since 4° is its point of 
maximum density, will ascend, and the upper thermometer 
will begin to fall rapidly, and continue to do so until it reaches 
the freezing point. 

The following table exhibits the volume of water at various 
temperatures between o* and 100'', the volume at 4* being 
taken as unity : — 

Table No. 19.— Expansion of Water. 

Temperature. Volume. 

o** C. 1*00013 

4 1*00000 

10 1 *00027 

20 1*00179 

30 1*00433 

40 I *oo773 

50 1*01205 

60 1*01698 

70 I -02255 

80 1*02885 

90 1-03566 

100 1*04315 

180. Expansion increases with Teniiperatnre. — It will 
be noticed from this table that the rate of expansion of water 
for the same increment of temperature is greater as we 
approach the boiling-point. M. Pierre has made many experi- 
ments on the rate of expansion of various liquids at o** C, and 
he finds that those which have high boiling-points expand 
less at this temperature than those which boil at a low tem- 
perature. 

This prepares us to believe that the expansion of very 

volatile liquids must be very great, especially of such 

liquids as carbonic acid, which can only be retained in 

the fluid state at ordinary temperatures under very great 

pressure. 
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Now this is found to be the case. Thilorier has remarked 
that liquid carbonic acid expands more rapidly than any g-as ; 
and Drion has proved that sulphurous acid at 130° C. expands 
about one-hundredth of its volume for 1° C, or about ten times 
hs much as water. 

181. LaiKTB of ZSxpansion of Liquids. — We have thus the 
following^ laws for the expansion of liquids : — 

(i) Liquids expand more than solids for the same increment of 
temperature, 

(3) Liquids expand more rapidly at a high than at a lo7v tem- 
perature, 

(3) Those liquids expand most rapidly of all which can only he 
kept in the liquid state through the application of intense pressure. 



Lesson XXII.— Expansion of Gases. Practical 

Applications. 

182. LaiKT of Charles. — It has been stated (in Art. 90) that 
the pressure of a gas is proportional to its density, provided 
there is no alteration of temperature ; let us now discuss the 
influence of temperature upon the pressure of a gas. The true 
connexion between temperature and pressure was first dis- 
covered by Charles. It may be stated as follows : — Suppose 
that we have a quantity of gas which is confined in a vessel of 
invariable volume, of which the temperature is allowed to vary. 
Now let P denote the pressure of the gas against a square unit 
of surface of this vessel at o' C. ; then at /° C. the pressure 
will be 

P(l + a/), 
where 

a = — = '003665 nearly. 
273 

Example. — Let P denote 760 m.m. of the barometric column, 
and let the temperature rise from 0° to 20"* ; then the pressure 
will become 

760 {i + (20 X '003665)} = 8i5'7o8 m.m. 

nearly. Or, again, let the pressure at o** be unity, and let the 
temperature rise from 0° tp 100" ; then the pressure will rise to 
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183. Expansion at Constant Pressure. — We have here 
stated the relation between the temperature and the pressure 
of a g^as, of which the volume is kept constant ; but we can 
easily convert the expression into another, which will g^ve us 
the relation between the temperature and the volume if the 
pressure be kept constant. Thus, for instance, if a bladder 
half filled with g^as be warmed at the fire the volume will 
increase, while the pressure upon it will remain constant ; 
this being that of the atmosphere which presses upon the 
outside of the bladder. 

Now the increase in the volume of the bladder for i" C. 
may be found as follows : Let p denote the pressure at o" 
when the volume is v ; then if this volume be kept constant 
we have seen that the pressure at f will be p (i + '003665/). 
But we have seen that by Boyle's law the pressure of a gas 
varies inversely as its volume ; if, therefore, when the gas has 
attained the temperature /' and the pressure p (i + '003665/), 
we allow its volume to increase from v to v (t + '003665/), 
we shall reduce its pressure in this same proportion, which 
will therefore now become p, — that is to say, its pressure will 
be the same as it was before the heating commenced. There- 
fore, if the gas be heated under a constant pressure, and if v 
denote its volume at 0°, its volume at f will be v (i + '003665/), 
the same multiplier serving to denote the increase of pressure 
if the volume be constant, and the increase of volume if the 
pressure be constant. 

Example: A bladder, which at 0° contains 900 c.c. of air, 
has its temperature increased to 30° C, the pressure under 
which the gas exists meanwhile remaining constant : what will 
now be the volume of the gas in the bladder ? 

Answer : Its volume will be 

900 I I + (30 X -003665) J- = 998*955 c.c. 

184>. Use of Fractional Co-efficient. — The above result may 
be expressed in a more simple manner if we use the fractional 
value of o. Thus if Vo be the vohime at o"* and Vt the volume 
at /", we have 

K,= r.(i+ M = r„ ^1\±1 ... (X) 
\. 273/ 273 
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Ag^ain at any other temperature T, the volume Vt^ will be 

V\ = r,(i + a r) (2) 

Hence combining- this equation with (i) we have 

^\_l±lZ (3) 

Inserting for a its value 1/273, this becomes 

T 

n , ^ /_ 273 + / 

273 

Example : The volume of a gas at 17' is 100 c.c. What is 
its volume at 97" ? 

Answer: Since 

K = 100 i73jL97 
» 273 + 17 

r,, = 37222 = ,27-58c.c. 

1 290 

Example: If ^'t, = 1000 c.c. and / = 100° then 

Vt — 1000 X — = 1366 c.c. nearly. 
273 

185. Advantase of Air Thermometer. — It is an important 
fact that the co-efficient of expansion, or '003665, is as nearly 
as possible the same for all gases, so that if at o* C. we have 
unit volumes of atmospheric air, hydrogen, oxygen, carbonic 
acid, and other gases, and if the temperature change so as to 
become successively 20**, 30°, 50°, loo** C, the volumes of these 
various gases will continue equal to one another at each of 
these temperatures. Thus at 50* they will all have the volume 
1*18325, while at 100** their volume will be 1*3665. 

Or again, if we have at 0° equal volumes of various gases 
all under unity of pressure, and if the temperature be in- 
creased while the volume remains uualtered, the pressures of 
the various gases will continue equal to one another at each 
of these temperatures. Thus at 50" C. they will all have the 
pressure 1*18325, while at loo** their pressure will be 1*3665. 
Now if we make use of a bulb filled with gas as a thermo- 
meter in order to estimate the temperaVwre, e\\>cveT V^j >^^ 
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increase of volume of the gas under a given pressure, or by 
the increase of pressure of the gas under a given volume, we 
have this great advantage over a liquid, that we are inde- 
pendent of the kind of gas with which we fill our bulb, for we 
have just seen that all permanent gases will give as nearly as 
possible the same indications. On the other hand, if we have 
two thermometers filled with two different liquids, and mark 
them off at o** and at loo**, the chances are they will not read 
the same midway between these two points. The advantage 
of using an air thermometer is thus apparent. 

The law of Charles becomes simpler in expression if while 
adhering to centigrade degrees we start from a zero 273** C. 
below the melting point of ice. Thus in the equation of Art. 
184 if we write / = - 273 then 



Vt = Vo 



V 273/ 



or the volume of the gas apparently vanishes. Hence - 273 is 
called the absolute xero, lower than which we cannot imagine 
a temperature to be ; and the temperature reckoned from this 
zero is called the absolute temperature. Thus we have on 

Centigrade Scale. Absolute Scale, 

o*" = 273 

1° = 274 

f = 273 + / 

If we call T the temperature on the absolute scale then 

7*= 273 + / 

Hence y = v 273 + h _ rr T^ 

'^ ' 273 + / ' T 

therefore the pressure of a gas of given volume is proportiottal to its 
absolute temperature ; and again : The volume of a gas of given 
pressure is proportional to its absolute temperature. 

Example, — A gas of constant volume has a pressure 8 at 
- 29° C. ; what will be its pressure at + 112" C. ? 

Answer, — The absolute temperature corresponding to 

-29° C. is 244°, while that corresponding to + 112' C. is 385". 

Hence the proportion : As 244 is to 385, so is 8 to 12 '65, which 

latter number denotes therefore the required pressure. 

J 86. Applications of the Laws of ZSzpanslon. — Since all 
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the substances around us are continually changing* their tem- 
perature, they are, in consequence, subject to a continual 
change of volume, and this change must be taken account of 
in all delicate operations. Let us, in the first place, describe 
how the standards of length, mass, density, and time are 
affected on account of this change. 

187. Standards of Lenfftta. — The n\etre represents 
approximately the io,ooo,oooth part of a quadrantal arc 
of a meridian on the earth's surface. The standard 
platinum metre of France, represents a metre at o" C. ; it will 
therefore be longer than a metre at any temperature higher 
than o*. 

The English bronze standard of length, on the other hand, 
represents a yard at 62° F., so that at a temperature below 
62" it will be less than a yard, while at a higher temperature 
it will be longer. Therefore, when we say that a metre is 
equal to 39*37079 English inches, we mean that a metre at 
0° C. will be equal in length to 39*37079 inches in an English 
yard at 62° F. ; but if the two standards — the French and 
English — ^are compared together at any common temperature^ 
the proportion between the two will be different from the 
above. The relation between the French and English 
standards of length is given in Art. 8. 

188. Standards of Mass. — Standard weights are in reality 
standards of mass, since (Art. 34) the weight of the body at 
the same point of the earth's surface is proportional to its 
mass. 

In France the standard weight, or the gramme, is defined 
to be the weight of a cubic centimetre of distilled water at the 
temperature of its greatest density (supposed equal to 4° C). 

The English pound avoirdupois is an arbitrary standard 
containing 7,000 grs. The relation between the French and 
English system of weights has already been given (Art. n). 

If we could make all our weighings in vacuo, temperature 
would not affect our determinations ; but since these must 
necessarily be made in air, and since the density of air 
depends, among other things, on its temperature, and since 
the weight of a body when weighed in air is rendered lighter 
than in vacuo by the weight of air which it displaces, it is 
necessary in all very accurate weighings to know the tem- 
perature of the air. 
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189. Standards of Density. — The French method of esti- 
mating comparative density or specific gravity is now generally 
adopted by men of science. 

In it the specific graVity of solid and liquid bodies is 
referred to that of water at 4° C, of which the density is 
reckoned equal to unity. Now we have seen (Art. 11) that a 
c.cm. of water at this temperature weighs exactly one 
gramme. Hence we know*that a c.cm. of a substance whose 
specific gravity, referred to the water unit, is 2, will weigh 
exactly 2 grammes ; and, in fact, th^-t the weight of one c.cm. 
of any substance will denote at the same time its specific 
gravity. 

But since substances in general expand through heat, their 
densities will thus be less at high than at low temperatures ; 
and, also, since they expand unequally, the proportion between 
the densities of two substances will be different for different 
temperatures ; so that in estimating the comparative density 
or specific gravity of a substance we must fix upon some 
standard temperature at which this estimation may be made. 

The zero expressed by the centigrade thermometer has been 
chosen as the temperature for such comparisons ; so that when 
we say that such a substance has the specific gravity of 2*1, 
we mean that a c.cm. of the substance at o" C. will weigh 2*i 
grammes. But in order to know the specific gravity of the 
substance at any other temperature it will be necessary to 
know its co-efficient of expansion. 

Gases, again, are compared together at the temperature 
0° C. under the barometric pressure of 760 m.m. of mercury 
(reduced to o** C), the standard here being dry air, of which 
the density, under these circumstances of temperature and 
pressure, is reckoned equal to unity. 

190. Measures of Time. — It has already been stated that 
a long pendulum vibrates slower than a short one ; and since 
a rise of temperature increases the length of a clock pendulum, 
it will therefore, if uncompensated, increase its time of vibra- 
tion and thus appear to make the clock go slow. In like 
manner an increase of temperature tends to make the balance- 
wheel of a chronometer oscillate more slowly in hot weather 
than in cold. 

The best method of compensating for the effect of heat 
upon pendulums is probably that invented by Harrison. This 
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arrangement, from its form, is called the gridiron pendulum. 
It is exhibited in the annexed figure (Fig. 57), in whicli tho 
dark lines represent iron and the lighter lines 

Here it is evident from the figure that the 

iron rods, being attached to the upper cross- 
pieces, will tend to lower the bob by their 

expansion, while the brass or zinc rods being 

attached to the lower cross-pieces, will lend 

to r^se it. 
Now the proportion between the length of 

the iron and of the brass or zinc rods inai bo 

so arranged that the upward and downward 

expansion shall be precisely equal in v,hiih 

case the position of the bob will remain un 

altered, even although there be a lonsider ible 

change of temperature. 

101. The Compenaatton Balance — This 

depends upon the circumstance thtt if a ribbon 

or bar be made of two melals of different ex 

pansive power firmly attached to etch other 

this ribbon will, when the temperature rises 

bend, so that the most expansible metal shall 

form the outer or convex surface, and the least 

expansible the concave or inner surface. On 

the other -hand, should the temperature fall, fiu- sj- 

the most expansible metal will form the inner 

or concave surface. Now the rim of the balance-wheel of 

a chronometer is formed (as in Fig. 58) of several separate 
pieces, which are fixed at one end and 
free at the other, the free ends being 
loaded, and each piece is composed of 
two metals of unequal expanability, firmly 
attached to one another, the most expan- 
sible being without. Hence, when the 
temperature increases, the loaded ends 
will approach the centre, and when it 
diminishes they will be thrown out from 
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thrown out from the centre. Now we have seen that the effect 
of the temperature compensation is under these circumstances 
to throw the matter towards the centre, and hence the one 
effect may be made to counteract the other, so as to preserve 
unaltered the time of oscillation of the balance-wheel. 

192. Applications of Expansion. — There are many other 
instances besides these now enumerated, in which account 
must be taken of the expansion of bodies. Thus, in estimating 
the pressure of the atmosphere by means of the mercurial 
column of the barometer, it is necessary to know the density 
of the column, and hence we must know its temperature. 

Agfain, in large structures, such as iron and tubular bridges, 
allowance must be made, so that the materials may have 
freedom to expand. There is an arrangement for this purpose 
in the Menai tubular bridge. 

In some instances advantage is taken of the fact of ex- 
pansion. Thus, for instance, in making a wheel the tire is 
made to fit loosely in a red-hot state, and when it . has cooled 
it grasps the wheel firmly and becomes quite tight. 

Lesson XXIIL— Change of State and other Effects of 

Heat. 

193. Condition of Change of State. — We have already 
(Art. 4) spoken of the three conditions of matter — the solid, 
the liquid, and the gaseous — and stated that very many bodies 
can be produced in all these three states. Some bodies, how- 
ever, such as oxygen, hydrogen, and nitrogen, can only be 
condensed into a liquid form with very great difficulty. 

Now, it is an invariable rule that, whenever a solid is 
changed into a liquid, it is through an increase and not through 
a diminution of temperature, and in like manner when a liquid 
becomes a gas it is through an increase, not through a diminu- 
tion, of temperature : so that when, for instance, we condense 
hydrogen into a liquid, it is done by cooling, and not by heating 
the hydrogen. 

Let us now, in the first place, consider the^passage from the 
solid to the liquid state ; and, secondly, the passage into the 
gaseous state, or vaporization. 

194. Liquefaction. — The passage from the solid to the 
liquid state may either be gradual or abrupt. Treacle, honey, 
and sealing^'Wax are bodies that pass ^adually from the one 
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state into the other, so that for a considerable range of 
temperature these bodies are neither solid nor liquid, but 
rather viscous or plastic. Ice, on the other hand, is a body 
that passes very rapidly into water, so that during a rise of 
temperature, probably not greater than o'l" C, an unmis- 
takable change of state has been produced ; nevertheless, 
even in this case, we have reason to believe that the change is 
not absolutely abrupt. 

But there is another peculiarity besides greater or less 
abruptness, which sometimes accompanies this change from 
the solid to the liquid state : for a large class of substances 
change their composition in the act of changing their state. 
Saline solutions are a notable instance of this, and in many 
of these a larger quantity of salt is retained in solution at a 
high than at a low temperature, so that, when left to cool, 
crystals of the salt are deposited. This, therefore, is a case 
where change of composition accompanies change of state. 

A somewhat different change takes place in weak saline 
solutions, such as sea- water, in which, when the temperature 
is gradually reduced, the water solidifies as nearly pure ice, 
separating itself from the salt in the course of congelation. 

195. Bifect of Pressure on Melting-point. — We have 
stated that the melting-point of ice is not, like the boiling- 
point of water, dependent upon the pressure ; but this though 
approximately, is not absolutely correct, for the melting-point 
of ice is very slightly lowered by an increase of pressure y and the 
same phenomenon occurs in all cases in which a substance 
expands in the act of congelation. On the other hand, if a 
substance contracts when freezings its melting-point is raised by 
pressure, 

196. Melting-points. — The following table give the melt- 
ing-points of some of the most useful substances : — 

Table 20.— Melting-points. 

Substance. Melting-point (centigrade). 

Mercury — 39** 

Ice o 

Phosphorus 44 

Spermaceti 49 

Stearine 55 

Potassium 58 

Sodium ^ 
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Kopp appears to have traced a definite relation between the 
chemical composition of certain substances and the tempera- 
tures at which they boil. 

SO^. Boilins-point Varies with the Pressure. — In the 
next place, the boiling-point of the same liquid depends upon 
the pressure^ a liquid boiling at a lower temperature if the 
pressure be smaller. 

This may be easily shown by means of a few simple experi- 
ments. 

Exp. I, — Exhaust a vessel containing ether under the 




Fig. 6o 

receiver of an air-pump, and it will be found to boil at the 
ordinary temperature of the air. 

Exp, //.— Fill a Florence flask half full of water, and boil it 
in the open air until the upper part of the flask be filled with 
the vapour of water ; let it now be corked tightly and inverted 
(Fig. 60). When it has ceased to boil, pour some cold water 
upon the flask, and ebullition will again commence. The 
reason is, that the cold water, by condensing the vapour which 
fills the upper part of the flask, withdraws the pressure, and 
thus enables the water to boil at a lower temperature. 

SOAa. Boiling-point at High Altitudes.— It follows from 
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all this that, inasmuch as the atmospheric pressure at the top 
of a mountain is smaller than at the bottom, so the boiling- 
point of water at the top of a mountain is lower than at its 
bottom. 

Thus at the top of Mont Blanc water boils at 85" C. instead 
of 100", a temperature which is too low for culinary purposes. 
Food cannot, therefore, at such altitudes be cooked in open 
vessels of water, but people are there compelled to heat water 
in a close vessel under the pressure of its own vapour, in order 
to obtain a temperature sufficiently high for cooking purposes. 

It has been previously stated (Art. 89) that the height of a 
mountain can be estimated by means of the barometer, and 
we may now add that it can also be ascertained by observing 
the boiling-point of water by means of a thermometer. For, 
knowing as we do the relation between the boiling-point of 
water and the atmospheric pressure (Art. 212), an observation 
of the former enables us to obtain the latter. In fact, we read 
the boiling-point of water in order to deduce from it the atmo- 
spheric pressure, and there is therefore no advantage in using 
a boiling-point thermometer, except that it is a more portable 
instrument than an ordinary barometer. 

205. Eifect of Nature of Vessel. — It has been found that 
the boiling-point of water is somewhat higher in a glass vessel 
than in a metal one. If, however, iron filings be dropped into 
the glass vessel, or, according to Tomlinson, anything capable 
of acting as a nucleus, the temperature of the boiling-point is 
lowered, and ebullition is promoted. 

206. Effect of Dissolved Air. — It would also appear that 
the air dissolved in the w«iter has some effect upon its boiling- 
point, and M. Donny, by depriving water as far as possible 
of the air which it contained, and by inclosing it in a pecu- 
liarly-shaped vessel, was able to raise the temperature to 
135" C. without ebullition. 

207. Effect of Dissolved Substances. — If the liquid is not 
pure, but contains substances in solution^ this will likewise affect 
the boiling-point. Thus the general effect of salt dissolved in 
water is to raise its boiling-point. 

208. Spheroidal State. — If a drop of water be thrown upon 
certain surfaces at a very high temperature, it does not adhere 
to the surface, but moves about «ind evaporates without boil- 
ing. This peculiarity of liquids has g\vev\ rvsvi \o sorcve. n^k>j 

Si -^ 
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curious experiments. For instance, Boutigny poured liquid 
sulphurous acid upon a platinum capsule heated to a white- 
heat ; yet this very volatile liquid did not boil, and its rate of 
evaporation was very slow. Faraday, agfain, poured upon a 
red-hot platinum capsule a mixture of ether and solid carbonic 
acid, which evaporated very slowly, and nevertheless solidified 
some mercury brought into contact with it. 

Want of contact appears to be the explanation of this 
behaviour, and Boutigfny has found that in certain cases the 
light of a taper may be seen between the liquid and the 
surface. 

It is no doubt this want of contact that prevents the heat 
from reaching the liquid sufficiently fast to cause it to boil, 
and the difference between contact and non-contact is well 
exemplified in Faraday's experiment : for when the intensely 
volatile mixture lay on the red-hot platinum capsule without 
boiling, there was clearly a want of contact between the two ; 
but when the mercury was thrown into this mixture, it became 
immediately frozen, because it was brought into intimate 
contact with the cold mixture. 

209. Critical Temperature. — We have seen that the tran- 
sition from the solid to the liquid state is gradual in the case 
of many substances, and that there is an intermediate con- 
dition of viscosity in which the substance partakes of the 
character of both states. The experiments of Cagniard de 
la Tour, and more especially those of Andrews, lead us to 
believe that there is an intermediate state between the liquid 
and the gaseous conditions of matter. Thus, Andrews 
found that if we heat liquid carbonic acid under great 
pressure in a closed tube, when we reach the temperature 
of3i''C., called the Critical Temperature, or thereabouts, 
the surface of demarkation between the liquid and the gas 
becomes fainter and fainter, loses its curvature, and at last 
disappears. 

210. Sublimation. — Generally speaking, the order of things 
is, that, when the temperature is increased, the solid passes 
into a liquid, and finally into a gas, but sometimes the solid 
passes at once into a gas without assuming the intermediate 
state of liquidity. This is called sublimation, and we have 
instances of it in arsenic acid and solid carbonic acid, which 
pass at once into the gaseous state. Snow also slowly evapo- 
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rates, and thus assumes the gaseous form even at temperatures 
much below its melting-point. 

All. Change of Composition in Bvaporation and Con- 
densation. — Sometimes, if we heat a mixture of two liquids, 
or a liquid which has dissolved a quantity of gas, the more 
volatile component passes off, leaving the less volatile one 
behind. Thus, when a strong solution of hydrochloric acid 
in water is heated, the permanent gas at first passes off, 
leaving a weaker solution behind. In like manner, if chalk 
be heated, the carbonic acid goes off in the shape of gas, 
leaving lime behind. 

On the other hand, many gases which arc permanent by 
themselves may be brought into the liquid state, or condensed, 
in virtue of their strong affinity for certain liquids. Thus am- 
monia gas and hydrochloric acid gas have a great attraction 
for water, and if a jar of either of these gases be held above 
mercury, and a few drops of water introduced, the gas almost 
immediately disappears, being absorbed by the water. 

It is often very difficult to condense gases without making 
use of a solvent, and there are six which we have only quite 
recently been able to condense through the joint effect of cold 
and pressure — namely, oxygen, hydrogen, nitrogen, nitric 
oxide, carbonic oxide, and marsh gas. 

212. Pressure of a Vaponr in contact with its ovmk 
Itiqnid. — We have seen that when a basin of liquid is allowed 
to evaporate under a receiver, vapour will rise from it until 
the vapour pressure in the receiver has reached a certain 
point, after which there will be no more evaporation. We 
have also seen that this point depends in the first place upon 
the nature of the liquid, and in the second place upon the 
temperature. The pressure thus attained is, in fact, the 
greatest vapour pressure possible for this particular liquid 
and temperature, and it is of importance to know for different 
liquids the maximum vapour pressure correspoitding to variotts 
temperatures. 

This information has been obtained by Regfnault. We shall 
not attempt to describe the various and complicated apparatus 
which he made use of ; rather let us state the most important 
results which he has obtained. 

The following is an abridgment of his results for the vapour 
of water : — 
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Table 


No. 23.— Vapour 


Tensions of 


Water. 


Temperature 


Maximum pressure 
ill mm. of 


'lemperature 
C. 


Maximum pressure 
in mm. of 


O^ 


mercurj'. 
4 '600 


65 


mercury. 
186*945 


5 


^•534 


70 


233*093 


lO 


9-165 


75 


288*517 


15 


12*699 


80 


354-643 


20 


17*391 


85 


433*041 


25 


23*550 


90 


525-450 


30 


31-548 


95 


633*778 


35 


41-827 


96 


657*535 


40 


54*906 


97 


682*029 


45 


71*391 


98 


707*280 


50 


91*982 


99 


733*305 


55 


117-478 


100 


760*000 


60 


148*791 







We are enabled to understand from this table how we 
may obtain the atmospheric pressure by observations of the 
boiling-point thermometer. In the first place, it is necessary 
to bear in mind that in such instruments (Art. 168) the ther- 
mometer is not plunged into the water itself, but only into 
the vapour issuing from it ; and in the next place, we must 
remember that when water boils (Art. 204) its vapour has the 
very same pressure as the atmosphere. Hence the rule is 
obvious. Look out in a table similar to the above the pres- 
sure corresponding to the reading of the boiling-point ther- 
mometer, and this will denote the atmospheric pressure. 

Regnault has also ascertained the maximum pressures for 
various temperatures of other liquids besides water. 

213. Density of Cases and Vapours. — By means of Boyle's 
law we can ascertain how the density of a gas varies with its 
pressure, and, by means of Charles' law, how its density 
varies with its temperature. But in order to complete our 
knowledge of the subject we ought to know the density of 
various gases at a given temperature and pressure, say at the 
temperature of 0° C. and the pressure of 760 mm. of the mer- 
curial column reduced to 0° C. 

Gay-Lussac was the first to discern that a connection 

subsists between the density of gases and their combining 

chemicRl equivalents, and that when \vco ^ases couvblne 
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together the volumes in which they combine bear a very 
simple relation to one another. 

Thus, for instance, equal volumes of chlorine and hydrogen 
combine together without change of volume to form hydro- 
chloric acid gas, which contains one atom of chlorine united 
to one of hydrogen. Equal volumes (at 760 mm. and 0° C.) 
contain, therefore, an equal number of atoms of these two 
gases. 

Regnault has given us the following exact determinations 
of the weights of a litre of the most important gases : — 

Table No. 24.— Densities of Gases. 

Weight at 0° C, and under 

Name of Gas nen.si.y. L^r^Suc J'ToT' C 

at the latitude of Paris. 
Air I'oooo 1*293187 grammes. 



Oxygen i*io57 1*429802 

Hydrogen .... 0*0693 0*089578 

Nitrogen .... 0*9714 1*256167 

Carbonic acid . . 1*5291 1*977414 






214>. Recapitulation. — We have seen that (i) In general 
when the temperature of a solid rises it expands in volume, 
the rate of expansion being greater at a high temperature 
than at a low one. 

(2) If sufficient heat be applied the body will pass from the 
solid to the liquid state, the change being in some cases very 
abrupt, but in other cases very gradual. 

(3) In very many cases there will be an increase of volume 
accompanying this change of condition, but in some bodies 
there is, on the other hand, a contraction, ice being a notable 
instance of this latter class. 

(4) When the liquid state has been completely assumed, the 
liquid generally increases in volume with any further increase 
of temperature, and at a greater rate than in solids, while 
the rate of increase is also greater at a high than at a low 
temperature. 

(5) If the process of heating be still continued, the liquid will 
pass into the gaseous form, and a very considerable expansion 
will take place. 

(6) Finally, after the liquid has been cottv^leleV"«j cv^wj^xK-'tvl 
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into g"as, any further increase of temperature will SLugment the 
volume of this gas, the rate of increase being- in general 
greater than in liquids or solids. 
215. Bffects of Heat npon other Properties of Matter.— 

In addition to those effects already mentioned^ there are many 
other ways in which this agent influences bodies. Thus we 
have — 

(i) The effect of Heat upon Refraction and Dispersion. 
Both of these diminish as the temperature increases. 

(2) The effect of Heat upon the Electrical properties of 
bodies. This will be considered when we treat of Electricity. 

(3) The effect of Heat upon Magnetism. This will be 
afterwards discussed when we treat of Magnetism. 

Besides these there are other important effects. Thus, in 
most instances an increase of temperature promotes chemical 
combination, and when we speak of setting fire to a combusti- 
ble substance, it is only another way of expressing the fact 
that a high temperature promotes combination. Occasionally, 
however, heat promotes decomposition, especially when one 
of the products of this decomposition is a gaseous body. Thus 
if limestone be heated lime will be left behind, and carbonic 
acid will be given off. 

Again, the various phenomena of capillarity, such as capil- 
lary ascent and curvature, are affected by heat, becoming less 
marked when the temperature is high. Extensibility, tenacity, 
and the various properties of solids are likewise affected by 
heat, and the compressibility of fluids is altered from the same 
cause. There is indeed hardly a property of matter unaffected 
by this species of molecular motion, so that when the physical 
property is expressed precisely it is necessary to state at what 
temperature the observation was made. 

Lesson XXIV.— Conduction and Convection. 

dl6. Radiation. — In the preceding pages we have described 
some of the most important effects of heat. Let us now con- 
sider the laws which regulate the distribution of heat through 
space. 

In the first place, heat from a hot body, such as the sun or 
a star, proceeds outwards into a medium pervading all space, 
in which it is propagated with very great velocity (Art. 106). 
It continues to proceed in the form o? rad\s^T\t Keat until it 
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reaches some body, such as our earth, by which it is absorbed, 
and it is in virtue of this process that we derive our heat from 
the sun. However, for the sake of convenience, we have 
agreed to regard radiant energy as a species of energy by 
itself, and we shall not therefore at present discuss the laws of 
radiant heat. 

217. Condnction. — Another well-known mode by which 
heat is distributed is by the process of Conduction. If one 
end of a metal bar be thrust into the fire, and allowed to remain 
in it for some time, the other end will gradually become hot, 
until at length we shall be unable to touch it. The process by 
which heat is conveyed to the end of the metal rod is very 
different from radiation, for it is conveyed very slowly from 
particle to particle of the rod, until at length it affects that 
extremity which is farthest from the fire. But if instead ot a 
metal rod we heat a glass or stoneware rod in the fire, the 
further extremity of this rod will never get very hot, because 
the substance of which it is formed does not conduct heat so 
well as a metal. 

Organic fabrics, such as wool or feathers, form a still worse 
class of conductors ; and this is the reason why those sub- 
stances have been provided by nature as the clothing of 
animals, for the temperature of an animal is generally higher 
than that of the surrounding substances, and the heat is not 
readily conducted outward through the garment of wool, 
feathers, or fur with which the animal is clad. 

Liquids and gases are very bad conductors, but heat is 
distributed in them after a different manner, which is called 
OonTection. 

A bad conductor may be used, not only to keep in heat, but 
also to keep it out ; for it may either be used to prevent the 
heat of the body being conducted outwards to those colder sub- 
stances with which we are brought in contact, or if we wrap 
flannel round a block of ice it will, in virtue of its bad con- 
ducting power, prevent the heat from reaching the ice, and 
preserve it much better than another covering which might 
be a better conductor. 

We thus see how the very same substance which is best 
fitted to preserve the heat in our bodies is best calculated to 
preserve the cold in a block of ice, a purpose for which it is 
generally used. 
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218. Conduction in solids. — The following- experiment 
will enable us to recognise the difference between two bodies 
in their conducting power. 

Let two bars, one of copper and one of iron, be fixed as in 
Fig. 6i, and let a spirit-lamp heat the extremities of both. 
The bars will continue at first to grow hotter and hotter, but 
at length they will settle down into a permanent or stable 
state with respect to temperature, which they will continue to 
retain as long as the lamp continues to bum, those parts of 
either bar near the lamp being hotter than those further 
away. Nevertheless the copper bar will be hotter than the 
iron one at the same distance from the lamp, so that a piece 




Fig. 6i. 

of phosphorus will take fire on the copper bar at a further 
distance from the lamp than on the iron one. 

Let us here pause for a moment to consider why it is that 
when a metal bar has one of its extremities heated in the fire 
or in a lamp, the other extremity does not ultimately attain 
the same temperature. It would do so if the heat which flows 
along the bar were not carried off from its surface, but this 
hot surface radiates into space, and parts also with some of 
its heat to the surrounding air, and the consequence of this 
loss is a gradual diminution of temperature as we proceed 
along the bar from the end which is in fire to the other 
extremity. 

219. Conductivity. — It is necessary not only to have a 
clear conception of the conducting power of bodies, but to 
be able to express this numerically. 
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This was first done by Fourier, who adopted the following: 
definition. 

Suppose, in the first place, that we have a wall one cm. 
in thickness, and that we wish to ascertain the conductivity 
of this wall. In order to do so, let us imagine that the one 
side of the wall is kept constantly at a given temperature, 
while the other side is one degree centigrade hotter, and 
let us likewise suppose that the wall has settled down into 
a permanent state as regards temperature. A quantity of heat 
will, of course, continue to pass across this wall from the 
hotter to the colder side. Now let us adopt as our heat-unit 
the quantity necessary to raise one gramme of water from 
o" C. to i" C. in temperature. Then by the conductivity of the 
wa/i we mean the number of grammes and fractions of a gramme 
of ice-cohi water which will be raised one degree in temperature by 
the heat which flows in one second across a square cm, of this wall^ 
its thickness being one cm. , and the difference in temperature between 
its two sides i" centigrade. 

Generally the amount of heat H that will flow across a 
wall of / cm. thick, A area of cross section, which has the 
temperature 7\ and T^ maintained on its opposite sides, in / 
seconds will be 

^^ / { T,-1\)A t 
I 

where k is the conductivity of the wall. 

Example. — Calculate the amount of heat that will flow 
through a wall of conductivity lo-^ per minute, if the wall be 
5 mm. thick and 2 square metres area, when the temperatures 
of the opposite sides are maintained at 100° C. and 20° C. 
respectively. 

Answer. — 
Here 

/ = 60, T^ = 100, T.2 — 20t A = 2 X 100-, /• — 10-", / = '5. 
Hence 

rr _ 10-^ (100 - 20) 2 X 100^ X 6o 

*5 
= 192,000. 

Wiedemann and Franz have ascertamcd iVvc tc\sA.\n^ vlotsv- 
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ductivity of the different metals, that of silver being- reckoned 
equal to lOo. They have obtained the following results : — 

Table No. 25. — Relative Conductivities. 

Relative thermal 
Tvyr^-^i. conductivity obtained 

^^*'^''' from experiments 

in vacuo. 

Silver loo'o 

Copper 74*8 

Gold 54*8 

Brass 24*0 

Tin 15-4 

Iron lo'i 

Steel io*3 

Lead 7*9 

Platinum 9*4 

Palladium 7*3 

Bismuth (in air) i*8 

The experiments of Forbes gave the following values of abso- 
lute conductivity, the value being expressed in the C.G.S. 
units : — 

Table No. 26.— Absolute Conductivities. 

Copper I '108 

Zinc "307 

Brass '302 

Iron '164 

German silver "109 

Ice "0057 

It has likewise been ascertained by Forbes that the con- 
ductivity of iron diminishes as the temperature increases, the 
rate of diminution being different in different bars. 

ddO. Temporary and Perxnanent Distribution of Heat. — 
It will be seen that in the definition of Conductivity we take 
account of the quantity of heat that flows across the substance. 

Suppose now that in the experiment of Fig. 61 we have 

two bars of the same shape and size, and also of the san^e 

conductivity, the ends of which we heat by a spirit-lamp 

to the same extent ; finally \et tV\e surfaces o^ V>oVVv \aars 
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be either gilt or covered with a film of the same substance. 
Now, if we allow the lamp to burn until the various parts 
of both the bars have settled down into a permanent tempera- 
ture, we shall no doubt find that both bars are equally hot at 
equal distances from the lamp. But if we had examined 
them both at the end of a short time after applying" the lamp, 
it does not follow that the temperature of the two would have 
been the same at the same distance from the source of heat. 

In the one case the bars have attained a permanent state 
as regards temperature, and the heat which flows along them 
is not spent in increasing the temperature of the particles, but 
in making up for that which is carried away from the surface 
of the bars. Now as both bars have the same surface and the 
same conductivity, there is no reason why ultimately the 
distribution of temperature should not be the same in both. 

But in the other case, when the bars are examined shortly 
after applying the lamp, the state of things is very different, 
for a gfreat part of the heat is consumed in increasing the 
temperature of the particles of the bar : now it may take much 
more heat to raise the one bar one degree in temperature than 
it takes to raise the other to the same extent. 

Hence if we take two precisely similar pieces, one of bis- 
muth and the other of iron, and, coating one end of each 
with white wax, place the other end on a hot vessel, we shall 
find that the wax will first melt on the bismuth, although 
iron is the best conductor. The reason is, that it requires 
more heat to raise iron one degree in temperature than it 
does to raise bismuth ; in other words (as the student will be 
taught presently), the specific heat of iron is greater than that of 
bismuth. 

In the early stages of heating, the diff'usion of heat will 
then depend on the two properties of (i) conducting power, (2) 
specific heat. The value 

Conductivity 
Specific Heat 

is called the thermal diffusivity of the substance. 

51511. Safety laamp. — One of the most important applications 
of the laws of conduction is the safety lamp devised by Sir H. 
Davy for the use of miners. 

Often in coal mines the atmosphere is so \vt\^Te^tvaXj&<ii ^*^^isv 
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combustible gas. that a naked flame would cause instant ex- 
plosion. It is then that the safety lamp will afford the miner 
sufficient light for his operations without the danger of an 
explosion. Its act!_:i depends on the withdrawal of heat by a 
wire gauze. 

If we lower a surface of wire gauze into an ordinary gas 
flame it will crush the flame before it, so that there will be 
none above the gauze (see Fig. 61a). If we now extinguish 
the flame, retaining the wire gauze in its position, we may 
relight it above the gauze, in which case there will be no flame 
below (see Fig. 61^). Thus even although a combustible 
combination of gases exists on both sides of the gauze, the 
flame cannot penetrate through the gauze, but remains always 





Fig. 6ja. Fig. 6i3. 

on one side of it, the reason being that the mass of metal so 
cools the flame that combustion cannot spread. 

The safety lamp is therefore an ordinary lamp surrounded 
by wire gauze, so that even if the explosive atmosphere 
enters the lamp and comes in contact with the flame, the 
heat cannot penetrate to the outside of the wire gauze suffi- 
ciently to communicate the explosion to the outer air. 

It has been shown by Galloway that the concussion caused 
by a strong sound, such, for instance, as the noise of blasting 
operations, causes a disturbance of air which interferes with 
the action of the safety lamp. 

222. Conductivity of Crystals. — The experiments of De 
Senarmont prove that crystals have different conducting 
powers in different directions. He cut thin slices in various 
directions out of crystals, and, piercing a small hole at the 
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centre of these slices {see Fig.6ie), I 
through them, along which an clel^tl 
pass ; the wire was thu>i ren- 
dered v^ry hot, and the heat 
spread on all sides along: the 
crystal. Having coaled (he 
crystal with wax, the result was 
a general melting: of the wax 
all round the wire. Had the 
conductivity heen equal on all 
sides the area melted would nn 
but Senarmont generally found it 
this he argued that crystals con 

aS3. CondnctiTity of Iilqoida and Gases.- - Both of these 
classes of bodies are very bad conductors of heat. The low 
conducting power of water may be seen from the following 
experiment :— 

Place in a vessel of water (Fig. 62) a differential thermo- 



rally hi 



been a circle, 
ipse, and from 
■qually in different 




meter, U, so constructed as to have ono bulb ne»r the surface 
and one near the bottom. Next float on the surface of the 
water a vessel containing boiling oil, and it will be a long time 
before the differential thermometer is affected by the source 
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Weber has made a series of experiments on the conductivity 
of liquids, with the following" results expressed in the C.G.S. 
system : — 

Table No. 27. — Conductivities of Liquids. 

Substance. Conductivity. 

Water "0857 

Glycerine '0402 

Alcohol '0292 

Chloroform '0220 

Bisulphide of carbon '0250 

Mercury at 4" *9094 

25I4>. Convection. — In the experiment described in the last 
Article it is necessary to apply the source of heat to the 
surface of the water, and the reason of this is very obvious ; 
for when the heat is applied to the surface, the heated par- 
ticles, being rendered lighter, remain where they are, and the 
heat can only reach the differential thermometer by means of 
conduction. But if the heat be applied to the bottom of the 
liquid the heated particles will ascend, and their place will be 
taken by colder particles carried down from above, and the 
process will continue until the whole liquid is heated. This 
process, by which heat is conveyed to the various particles of 
a liquid, is termed Convection. 

By introducing a little colouring matter, the direction of the 
fluid currents may be rendered visible. 

Thus (Fig. 63) if we heat a vessel containing water, and 
drop into it a few fragments of cochineal, we shall find that 
the ascending currents go up by the centre, while the de- 
scending ones come down by the sides, their course being 
denoted by the arrow-heads in the figure. 

Sld5. Freesingr of a laake. — In nature we have several 
illustrations of convection on the large scale. Let us begin 
with the case of a lake which is cooled at its surface. 

The particles so cooled become specifically heavier and 
descend, and are replaced by lighter particles from beneath, 
so that in a short time the whole body of water has been 
subjected to the cooling agency. This process will go on 
until the temperature of 4° C. has been reached, which is the 
point of maximum density of water. 
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After tbis the process of convection goes on no long^er, 
aod if the surface particles be further cooled they become 
lighter, not heavier ; they do not, therefore, descend, but 
remain at the top. 

Had water contracted down to o", and had ice been heavier 
than water, the ice would have fallen down to the bottom as 
it was formed, and the whole lake would soon have become 




one mass of ice. It would in such a case probably have 
remained frozen all the year round. 

But as it is, the body of the water of the lake never attains 
a lower temperature than the point of maximum density, a 
temperature which is not destructive to life : while the coatingf 
of ice is confined to the surface, and becomes thickened only 
by the slow process of conduction. 

330. ConvBction Current* in the Sun. — It may here be 
remarked that convection depends on two things. First of 
all we must have the force of gravity — an iifi and doviii, for 
it is in consequence of this force that a body specifically 
lighter ascends, and were there no gravity there would be 
no conveclion. In the nest place, the boA-j n»i«i. e.-*.vi^^ 
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through heat, for if it hardly expands at all convection will 
be very feeble, and on this account the convection of mercury 
is much less than that of water. 

Let us illustrate this with reference to the atmosphere of 
our luminary, where we have every reason to suppose there 
must be very strong" convection currents. 

In the first place, there are naturally g^eat changes of 
temperature occurring in those regions ; secondly, gas is 
a substance which expands greatly through heat ; and thirdly, 
the force of gravity is there very g^reat. We are therefore 
led to expect in the atmosphere of our luminary storms of 
terrific violence ; and we find that such is really the case, 
for Lockyer has observed in the sun storms which were 
travelling at the rate of more than one hundred miles in a 
second. 

dd7. Trade VTinds^ tfec. — In our own earth we have 
notable examples of convection currents, for we have the 
vertical sun shining full upon the equatorial regions of the 
earth, in consequence of which there is a rising of the rare- 
fied air, and a mounting of it into the upper regions of the 
atmosphere. The place of the ascending air is supplied by 
colder air from the poles on both sides, so that we have an 
under-current sweeping from the poles to the equator, and 
an upper-current of heated air travelling above from the 
equator to the poles. The under-currents form the trade 
TirindB, the upper-currents the anti-trades. 

Now, owing to the rotation of the earth from west to east, 
the under-current coming from the North Pole, or region of less 
rotation, into the equatorial regions, or those of greater rota- 
tion, will have, from the first law of motion, a tendency to lag 
behind or to fall to the west at the same time that it advances 
southward ; the under-current from the north will thus become 
in reality a north-east wind. In like manner the under-current 
in the southern hemisphere will be a south-east wind. The 
reverse will take place with the upper-currents or anti-trades^ 
for these will travel from a region of greater to one of less 
rotation ; they will therefore be pushed forward in the direction 
in which the earth rotates. 

Hence the return trade which goes north will also go east, 

that is to say, it will be a south-west wind ; and the return 

trade g'oing south will also go east, iVvat \s to sa-Y, vV'^VV be a 
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north-east wind. We have thus in the northern hemisphere 
the trades blowings from the north-east, and the return trades 
blowings from the south-west ; while in the southern hemisphere 
we have the trades blowing from the south-east, and the re- 
turn trades blowing from the north-west. 

The land and sea breezes are probably due to similar causes. 
During the day the land gets much more heated than the sea, 
and hence there will be an upper-current from land to sea, 
and an under-current from sea to land, the latter constituting 
the sea breese. After sunset, ' 

however, the land cools more 
rapidly than the sea, and we 
then have an under-current 
from land to sea, constituting 
the land breese. 

5l&7a. Applications of 
ConTeetion. The student 
will meet with many import- 
ant cases of convection of 
industrial importance. For 
example, in the method of 
providing a supply of hot 
water in the house, the water 
is heated in the boiler and 
ascends to the top of the 
store cylinder, and cold water 
from the cylinder descends to 
the boiler, and thus a constant 
circulation is produced. 

Again, the usual method of ventilation of rooms and mines 
depends upon the production of convection currents. This 
may be illustrated by the following experiment (see Fig. 63a). 
Place a lighted candle in a dish and pour some water round it, 
over the candle place a common lamp glass. If the candle 
be central it will after a little time be extinguished, because no 
current of air has been supplied to support combustion. But 
if a partition of cardboard be introduced convection currents 
will be set up, and the candle will continue to bum brightly. 
It is easy to trace the path of the currents by introducing 
smoke at the top of the lamp-glass. 

^ 2. 




Fig. 63a. 
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Lesson XXV. — Specific and Latent Heat. 

228. Definition of Specific Beat. In discussing- the laws 
which regulate the distribution of heat, a very important 
element is the quantity of heat which a body absorbs when its 
temperature is raised, and also the quantity which is absorbed 
when a body changes its state. 

The quantity of heat necessary to raise a body one degfree 
in temperature is called its specific beat. Thus we define 
the specific heat of any substance to mean the quantity of 
heat necessary to raise one gramme of the substance i° C, 
the unit which is called the tl&enn being the amount of heat 
necessary to raise one gramme of ice-cold water r** C. 

Suppose, for instance, that a gramme of any substance 
required as much heat to raise it from too" C. to ioi° C. as 
would raise -^j^ of a gramme of ice-cold water one degfree, 
then we should say that the specific heat of the substance in 
question at the temperature of lOO* was 0.4. 

229. Method of Mixture. One of the simplest methods of 
measuring specific heat is the method of mixture, which is 
best understood by a numerical example. 

Suppose, for instance, that 3 kilogrammes of mercury at 100° 
C. have been mixed with one kilogramme of ice-cold water, 
and that the temperature of the mixture is 9** C. ; find the 
specific heat of the mercury. 

Let X denote the unknown specific heat. Then, since the 
mercury has been reduced from lOO** to 9", we have thus a loss 
of 91"* in 3 kilogrammes of mercury, which will be represented 
by 3Jt X 91. 

Also, the gain of heat by the water will be i x 9 (the specific 
heat of water being unity). 

Now as the operation is supposed to be conducted so as not 
to lose any heat, it is evident that the loss of heat by the 
mercury will be equal to the gain by the water, and hence 

3jr X 91 = 9 .-. ^ = 9/273 = -033 nearly, 

from which we see that the specific heat of mercury is only ^ 

of that of water. 

It will be useful to express the method irt a g^eneral form. 
Call /// the mass of the hot substance of temperature T and 
peel fie heat S, and let M be the mass of tVvc water of tetcv- 
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perature / with which it is mixed. Then if is the resulting 

temperature we have : — 

Heat lost by Hot Body = Heat gained by Water. 

m (T— 9) S = M (0—t) 
or 

s = ^^(^—^) 

m(T—e) 

8&9a. Examples for Exercise. — Example /. — lo lbs. of a 
substance at 90** C. is mixed with 100 lbs. of water at 20° and 
causes a rise of 5** in the temperature of the water. Calculate 
the specific heat of the substance. 

Answer, — Here m = 10, 7' = 90, tf = 25, / = 20, and M = 100, 
hence 

e 100 (25 — 20) 10 X S .-- 1 

S = )^ — ' = . - ^ ^ = o*77 nearly 

10 (90—25) 65 

Example //.— Find the rise of temperature which results 
when 50 grammes of iron at 100° is mixed with 150 grammes 
of water at lO**. The specific heat of iron being taken as 0*1 1. 

Answer, — The resulting temperature will be i3'''i, and hence 
the rise will be 3'**i. 

Example III, — Ten grammes of iron at 100° C. are mixed with 
18 grammes of water at 15° C, and the resulting temperature 
is 20" C. Find the specific heat of iron. Answery o'ii2^. 

Example IV, — Four grammes of copper filings at 130° C. are 
placed in 20 grammes of water at 20", and the temperature of 
the water is observed to rise 2". What is the specific heat of 
the copper ? Answer, 0*0926. 

51519b. Method of laavoisier and Iiaplace. Other methods 
of estimating specific heat have been devised. In that of 
Lavoisier and Laplace the quantity of melting ice converted 
into water in consequence of the hot substance parting with 
its heat is estimated. 

For example ; if 5 grammes of a substance at 50° will melt 
2 grammes of ice, then since 80 therms (see Art. 236) are 
required to melt one gramme of ice we have 

5X5ox;i;=8ox2 

hence Jt, the specific heat of the substance, is '64. 

5129c. Method of Coolinflr. Another is the method by 
cooling, for when two substances are exposed to the same 
cooling influence it is clear that the ot\e \\\X.Vv VVve. svc«JJ>fc"s»\. 
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specific heat will cool fastest, so that the velocity of cooling 
will afford a means of estimating the specific heat. 

For example place a known weight of hot water in a thin 
brightly polished silver vessel suspended in the middle of a 
metal enclosure and observe the time the temperature takes 
to fall from say 70* to say 20°. Let the time be ten minutes. 
Now repeat the experiment with an equal weight of turpen- 
tine, and if the temperature falls from 70° to 20" in five minutes, 
we know that (neglecting the heat equivalent of the vessel) 
the specific heat of the turpentine is half that of the water. 

SI30. Variation of Specific Heat of Solids. — Dulong and 
Petit were the first to prove that the specific heat of solids 
is greater at a high than at a low temperature. They obtained 
the following results : — 

Table No. 28. — Specific Heat of Solids. 

Substance. M^" «P^^><^^ *»***• 

Between 0° and 100° C. Between 0° and 300° C. 

Iron .... 0*1098 o'i2i8 

Zinc .... o'0927 0*1015 

Antimony . . 0*0507 o"0549 

Silver . . . 0*0557 0*0611 

Copper . . . 0*0949 0*1013 

Platinum . . 0*0355 0*0355 

Glass . . . 0*1770 0*1990 

From this table we see that the specific heat of platinum 
remains constant, while that of the other substances increases 
with the temperature. This is not however strictly true, for 
Pouillet has found by another process that the specific heat 
of this metal increases also with the temperature, although 
very slowly. 

Weber likewise has recently made a series of remarkable 
experiments, which enables him to say that the specific heat 
of carbon, boron, and silicon rises very rapidly as the tempera- 
ture increases. 

Again, the specific heat of solids depends upon the aggre- 
gation of their particles ; and in general whatever augments 
the density diminishes the specific heat, and whatever 
diminishes the density augments the specific heat ; so that 
it is perhaps owing in part at least to expansion that the 
specific heat of a. substance increases w\lVv Its temperature. 
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fl31. SpeciAc Heat of Iiiquids.— Irvine was the first to 
remark that the specific heat of a substance when liquid is 
generally greater than when solid. Thus ice has only one- 
half of the specific heat of water. 

A^in, Regnault has found that the specific heat of water 
increases with its temperature ; thus the mean specific heat 
of water between 0° and 230° C. is i '0204, that of ice-cold 
water being" reckoned equal to unity. 

Water is generally supposed to have a higher specific 
heat than any other liquid, but Dupre and Page have shown 
that a mixture of water with 20 per cent, of alcohol has a 
specific heat sensibly higher than that of pure water. 

51351. Specific Heat of Gases. — Since in the operation of 
determining specific heat the temperature is supposed to 
change, we shall have two sets of determinations with regard 
to gases ; for in the first place we may wish to know their 
specific heat under constant pressure^ and in the next place 
we may wish to know it under constant volume. 

Regnault, by means of a set of very laborious experiments, 
has made the former determination, and has obtained the 
following results — 

1. The specific heat of a given weight of a perfect gas 
does not vary with the temperature or with the density of 
the gas. 

2. The specific heats of equal volumes of the simple and 
not easily condensed gases are equal, but this equality does 
not hold for gases easily condensed. 

Thus, according to Regnault, the specific heats of equal 
volumes of the three simple gases are as follows : — 

Table \o. 29.— Specific Heat of Gases. 

Oxygen .... 0*2405 
Hydrogen . 0*2359 

Nitrogen .... 0*2368 

giving a result sensibly the same for each gas. 

The specific heat of a gas for constant volume is less than 
that for constant pressure, because when a gas expands through 
increase of temperature not only is the molecular motion increased^ 
hut work is done in expanding the gas against the pressure which 
confines it. More heat is therefore rec^uvved to \s<i,TCoTvcv V'^a'sAi. 
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two Operations than that necessary to perform the one opera- 
tion when the volume is constant. The specific heat of air 
for constant volume is 0*167. 

5133. Influence of Condition on Specific Heat. — The 
specific heat of substances seems to be g^reater in the liquid 
condition than in the solid or the g^aseous. This is exhibited 
in the following* table : 

Table No. 30. — Specific Heats. 

Specific Heat. 



Substance 



Water . 

Bromine 

Tin . . 

Iodine . 

Lead 

Bisulphide of carbon 

Ether .... 



-/-N. 



Solid. 
0-5040 
0-0833 
0*0562 
0-0541 
0-0314 



Liquid. 
1-0000 
0-1060 
0*0637 
0-1082 
0-0402 
0-2352 
0-5290 



Gaseous. 
0-4805 

0*0555 



0-1569 
0-4797 



834>. Atomic Heat of Bodies. — Dulong and Petit were 
the first to find that for a large series of simple substances the 
specific heat of equal weights is inversely proportional to the 
atomic weight. 

If we choose to imagine the atomic weights to denote the 
relative weights of the atoms of the various elements, this 
law may be expressed by saying that the same amount of 
heat will produce the same rise of temperature in all element- 
ary atoms. 

The following results have been obtained by Regnault, 
who made a series of experiments with the view of testing 
this conclusion : — 

Table No. 31.— Proving Dulong and Petit' s Law. 

Product of specific 
heat into 
atomic weight. 

5-6832 

5*9976 
6-2075 

5*8932 
6-3728 
6-3^23 



Elements. 

Sulphur 
Magnesium 
Zinc . . 
Aluminium 
Iron . . 
Nickel 



.Specific heat, 
equal weights. 


Atomic 
weight. 


01776 


32 


02499 


^4 


0*0955 


65 


0-2x43 


27 "5 


O-II38 


56 


0-1091 


■>«-5 
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Table No. 32.— Proving Dulong and Petit's Law. 

Elements. 



Cobalt 

Manganese 

Tin . . 

Tungsten 

Copper 

Lead . . 

Mercury 

Platinum . 

Iodine . . 

Bromine 

Potassium 

Sodium 

Arsenic 

Antimony 

Bismuth 

Silver . 

Gold . 



solid) 



(solid) 



Specific heat, 
equal weights. 

0*1070 
0*1140 
. 0*0562 
. 0*0334 
. 0*0951 
0*0314 
00319 
0*0324 
0*0541 
0*8043 
0*1696 
0*2934 
0*0814 
0*0508 
0*0308 
0*0570 
0*0324 



Atomic ^'°^"? °/:!P!*^*^'' 

weieht - ' **>'? 

weignt. atonjic weight. 

58*5 6*2595 

55 6*2700 

118 6*6316 

184 6*1456 

63*5 6*0389 

207 6*4998 

200 6*3800 

197 6*3828 

127 6*8707 

80 6*7440 

39 6*6144 

23 6*7482 

75 6*1050 

122 6*1976 

210 6*4680 

108 6*1560 

196 6*3504 



It was thought at one time that carbon, boron, and silicon 
formed exceptions to the above list, until it was ascertained 
by Weber (Art. 230), that they do not, when the determination 
is made at a sufficiently high temperature. 

235. Latent Heat. — We have seen that different sub- 
stances require different quantities of heat in order to raise 
the same mass of each one degree in temperature. 

But besides this a large quantity of heat is absorbed or 
rendered latent when bodies pass from the solid into the 
liquid, or from the liquid into the gaseous state. Thus we 
may very properly say that water at 0° is equal to ice at o** 
plus latent heat of liquefaction, or that steam at loo"* is equal 
to water at lOo" plus latent heat of vaporization. 

It cannot fail to have been often observed that a great 
quantity of heat must be applied to boiling water in order to 
bring it into steam, and that after all the steam is no hotter 
than the water. Nevertheless it was reserved for Black to 
put upon a scientific basis the doctrine of latent as well as of 
specific heat. 

236, I«atent Heat of Liquids. — Black's fvtst e^i^«i.vvKNft^t«3» 
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were upon water, and they were performed in the following 
manner. 

He suspended in a room two similar vessels, one containing 
melting ice and the other ice-cold water. The temperature 
of the room was 64** F., and he noticed that in a comparatively 
short time the ice-cold water had risen to 40° F., while the ice 
did not reach this temperature until the lapse of ten and a 
half hours. 

Afterwards Black adopted the following method. He took, 
let us say, a kilogramme of water at 0° C, and mixed it with 
a kilogramme of water at 100° C, and the temperature of the 
mixture was found to be the mean of the two, or 50° C. 

In the next place he took a kilogramme of ice at 0°, and 
mixed it with a kilogramme of water at 100" C, and the 
temperature of the mixture was only lO'S** C. There is thus a 
difference in the total heat of the two mixtures sufficient to 
raise two kilogrammes from lo's** to 50**, or through a range 

of 39*5° C. 

But the heat of the boiling water was the same in each case, 
and the only difference was that in the one case we had a 
kilogramme of water at 0° and in the other a kilogramme of 
ice at 0°. It would therefore appear that it requires as much 
heat to liquefy a kilogramme of ice as it does to raise two 
kilogrammes of water through a range of 39*5* C, so that if 
we take as our unit of heat that which is needed to raise one 
kilogramme of water from o" C. to 1° C. the latent heat of one 
kilogramme of water will be represented by 79. 

Expressing the results in a formula, let m be the mass of ice 
at o" C, M the mass of water at temperature T^ and 6 the 
resulting temperature. Then calling L the latent heat of ice 
we have 

Heat required to melt the ice = mL 
,, ,, ,, raise melted ice from 0° to 6° = m 

, , lost by water Af(T-e) 

Hence 

mL + m0= A/(T-0) 
or 

L -^'^ nT-0) _ ^ 
m 

JSjcawJ>J^ J. — With 10 gms. of ice were mixed 60 gms. oi 
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water at 25** C, the resulting temperature being 10" C. 

Calculate the latent heat of water. 

Here 

M = 60 m = 10 

r = 25 6 = 10 

hence 

,■ 60 (2^ - 10) o 

L = i^-^^ ' - 10 = 80 

10 

Example II, — Calculate the amount of boiling water required 
to just melt a ton of ice. Suppose L = 80. 

One ton will require 80 ton-centigrade units to melt it. This 
will be furnished by 

— of a ton of water at 100" C. 
100 

or 

4 
^ - X 2240 = 1792 lbs. 
o 

237. Experiments of Person. — Person has shown that in 
water the change of state is not quite abruptly assumed, 
but that heat begins to be rendered latent in ice as low as 
2" C. below the freezing-point. 

Person has also obtained the following table of latent 
heats : — 

Table No. 33.— Latent Heat of Various Substances. 

Substance. Latent heat (water = 1). 

Water I'ooo 

Phosphorus 0*063 

Sulphur o*ii8 

Nitrate of sodium o*794 

Nitrate of potassium 0.598 

Tin 0*179 

Bismuth 0.159 

Lead 0*067 

Zinc 0-355 

Cadmium 0*172 

Silver 0*266 

Mercury 0*035 

238. Latent Heat of Vapours. — Black was the first to 
determine the latent heat of steam, but a more accurate 
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determination has since been made by Regnault. According 
to him the latent heat of steam at loo'' C. is 537 units ; so that 
altogether it requires 637 units of heat, which is called the total 
heat J first to heat a kilogramme of water from o*" to 100^ 
and then to evaporate it at that temperature. 

The latent heat of steam may be roughly determined by the 
help of the simple apparatus shown in Fig. 63^. It consists of 




Fig. 63^. 



a flask containing water provided with a bent glass tube, the 
lower end of which is provided with a ** trap " for the purpose 
of retaining any steam that may be condensed on its way to 
the metal vessel or calorimeter. To use the apparatus the 
calorimeter is weighed empty and then when half filled with 
cold water, the temperature of which is carefully noted. The 
water in the flask is then boiled and the steam condensed in 
the water within the calorimeter. As the condensation pro- 
ceeds the calorimeter is stirred and when the temperature has 
risen about 20** or 30® the glass tube is lifted out of the calori- 
meter, the final temperature noted and the calorimeter again 
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weig-hed. We shall thus have sufficient data for the calcula- 
tion of the latent heat. 

Call m the mass of steam condensed. 

M the mass of water in the calorimeter. 
t the original temperature of the water. 
the final temperature of the water. 
Supposing the water to boil at lOo"" and calling L the latent 
heat of steam we have : — 

Heat lost by steam = Heat gained by water. 
Now the m grammes in condensing to water at loo"* will 
evolve ffiL thermal units, but the m grammes of water so pro- 
duced will in cooling from 100* to 6** gfive out m (100-6) 
thermal units. On the other hand heat gained by cold water 
is M (e-t). Hence— 

mL + w (100-6) = M(e-i) 
or 

L = ~ (a-/) -(100 -6) 

Example. — Su ppose 

Mass of Water in calorimeter =150 gm. = M 
„ „ „ condensed = 5 „ = m 

Temp, of Water in calorimeter =15^ = / . 

Temp, of Water after condensation =35*1 = B 

Hence : — 

/ =Ji? (35-1 -15) -(100 -35-1) 
5 
or 

L = (30 X 20-i)-64-9 = 538-1 

The following table embodies the results of Regnault's 
experiments made at low pressures : — 

Table No. 34.— Total Heat of Water Vapour. 

Temperature of Total Heat, 

saturated Vapour 

o'^ 606-5 

10 609-5 

20 6i2-6 

30 615-7 

40 ^^*n 

so ^^^'•V 
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Table No. 35. — Total Heat of Water Vapour. 

Temperature of X/^fai «-,» 

saturated Vapour. ^°'*' "**'• 

60* 624-8 

70 627*8 

80 630*9 

90 633-9 

100 637*0 

1 10 640*0 

120 643*1 

130 646*1 

140 649*2 

150 652*2 

160 655.3 

170 658*3 

180 661 '4 

190 664*4 

200 667*5 

Andrews has likewise determined the latent heat of other 
vapours. 

The following table embodies the results of his experi- 
ments : — 

Table N0.36.— Latent Heat of Various Vapours. 

Latent heat of equal weights 
of Vapours (steam = i). 

Water rooo 

Wood spirit 0*492 

Alcohol 0*378 

Ether • 0*169 

Carbon bisulphide 0*162 

Oxalic ether 0*136 

Formic ether 0*196 

Acetic ether o**73 

Iodide of ethyl 0*087 

Iodide of methyl 0*086 

Bromine 0*085 

Perchloride of tin . . 0*057 

Formate of methyl 0*219 

Acetate of methyl 0.206 

Phosphorus trichloride o*qc^ 



LEiss. XXV HEAT 255 

fl39. Remarks on the Latent Heat of Water. — It will be 
seen that water has a greater latent heat than any other 
substance, that is to say more heat is spent in rendering" 
liquid a kilogramme of ice than in rendering liquid a kilo- 
g^mme of any other substance. Again, steam has a greater 
latent heat than any other gas, that is to say it requires more 
heat to vaporize a kilogramme of boiling water than to 
vaporize a kilogramme of any other substance. 

These properties of the substance water play a very im- 
portant part in the economy of nature. 

We have already seen (Art. 225) that a lake always freezes 
at its surface, and that ice formed remains at the top, so that 
a second layer can only be formed through the substance of the 
first, and so on. Now the large latent heat of water retards 
the formation of ice, for this large amount of heat must be 
taken from a kilogramme of ice-cold water before it can 
become ice ; thus a very large quantity of heat must be 
carried off from the surface before a lake is frozen to any 
great depth. 

In like manner the large latent heat of the vapour of water 
prevents the water on the earth's surface from evaporating 
too fast, and it also prevents the vapour in the air from being 
precipitated too fast. Were this latent heat very much less 
the earth would get dry much sooner, and the rainfall, when 
it took place, would be much more violent than it is at present. 
In fine, these properties of water are most valuable in 
toning down the abruptness of the great operations of na- 
ture. 

240. Remarks on Specific and Latent Heat. — Viewing 
heat as a species of molecular energy, it has a two-fold office 
to discharge. In the first place, there c^n be no doubt that 
the particles of a hot substance are in violent motion, so that 
when the substance is raised in temperature the energy of its 
molecular motion is increased. 

But the heat of a substance is not wholly spent in this 
molecular motion, for some of it is spent in moving the 
particles of the substance away from each other against the 
force of cohesion ; in fact, energy is spent in forcing asunder 
these particles just as it is spent in removing a stone from 
the earth and carrying it to the top of a mountain or to 
the top of a house. Thus there are \.>no i\\i\\.fe ^\^«ixe,x>x. 
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offices discharg^ed by heat. One of these is to produce in 
the particles of the body a species of molecular motion, and 
the other is to pull asunder the particles of the body against 
cohesion, thus producing a species of molecular energy of position. 

Now as bodies generally expand through heat, a certain 
portion of the heat applied to a substance is spent in pro- 
ducing this expansion, and therefore disappears as actual 
molecular energy in procuring for the particles of the body 
a position of advantage with respect to molecular force. 

Probably, however, on ordinary occasions the greater portion 
of the heat communicated to a body is spent in motion, 
and only a small portion is changed into energy of position. 
There are however certain critical occasions on which prob- 
ably a very large portion of the heat is transferred into 
energy of position. 

This happens when in ordinary language heat is said to be 
rendered latent. Thus at the melting-point a large quantity 
of heat may be applied to ice without sensibly raising its 
temperature, the effect of the heat being apparently to melt the 
ice. 

Now we cannot suppose that all this heat has in this case 
gone to increase the molecular motion of the particles, other- 
wise we should expect a great rise of temperature in the water 
produced. But the energy of the heat, if not spent in pro- 
ducing actual motion of some kind, must have been trans- 
formed into energy of position. 

We are thus led to imagine that when a body changes its 
state the heat or part of the heat which is said to be rendered 
latent is really spent in doing work against molecular force, 
being thus transformed into a species of energy of position 
which of course reappears once more as heat when the water 
comes again to be frozen. 

In like manner a very large portion of the heat which must 
be communicated to boiling water in order to bring it into the 
state of vapour is spent in forcing the particles asunder 
against the force of cohesion, and this potential energy is 
reconverted into ordinary heat-energy when the vapour is 
again condensed. 

241. Miscellaneous Applications. — We thus see how 

in the change from the solid to the liquid state, or from the 

liquid to the g'aseous state, a large amount of energy of 
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tiolecolar motion is transfurmed into energy of position. 
SometimeB this molecular energ:y is supplied to the body from 
m external source of heat, as, for instance, when water is 
boiled -in a vessel on (he fire ; but sometimes it borrows the 
tieat from its own particles, and this is the ori^n of freezing- 
mixtures and processes. 

Thus if the bulb of a thermometer be covered with a piece 
jf cambric, and if we drop a little ether upon it, the tempera- 
ture will immediately fall, owing to the cold produced by 




the evaporation of the ether. Even if ve drop water upon a 
bulb so covered, there is a lowering of the temperature, the 
amount of depression thus caused being great in dry air, in 
which the water evaporates rajudly, and small in moist air, in 
which there is hardly any evaporation ; and mefeoroloi^sts 
are in the habit of estimating the hygrometric state of the air 
by means of the fall of temperature produced by moistening 
(he bulb of a thermometer. The apparatus used for this 
purpose is shown in Fig. 64. It is called the irat and dry %vlU> 
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Leslie was the first to freeze water by means of its own 
evaporation. He took a vessel containing strong sulphuric 
acid (Fig. 65), which has a great attraction for water, and 
placed it beneath a thin metallic vessel containing wg.ter in 
the receiver of an air-pump. On exhausting the receiver 
the water rapidly evaporated, and the aqueous vapour was 
very quickly absorbed by the sulphuric acid. The consequence 

was a diminution in the temperature of 
the water, until at last it began to freeze. 
A very good arrangement of Leslie's 
experiment is that devised by Carr^, of 
Paris, in which the vapour arising from 
the water in the receiver is forced by the 
action of the pump through a vessel con- 
taining sulphuric acid. In this case the 
water actually boils until the cold caused 
by the rapid evaporation causes it to be- 
come a solid mass of ice. 

Again, if ether be mixed with solid 
carbonic acid, gas will escape rapidly 
from the mixture, and intense cold will be produced. 

Mercury may easily be frozen by this means, and Faraday 
obtained a degree of cold by it which he estimated at - 1 10° 
Centigrade. 

In another kind of freezing mixture we take two solids, or 
a liquid and a solid, which when mixed together produce a 
compound which is liquid, and in this case the operation of 
mixture is generally accompanied by a lowering of the tem- 
perature. 

Thus if we mix snow and salt together they will liquefy, 
and the temperature of the solution will be considerably 
reduced. 




Fig. 65. 



Lesson XXVI. -On the Relation between Heat and 

Mechanical Energy. 

242. Conversion of Mechanical Enersry into Heat. — 

Heat, being a form of molecular energy, is convertible under 

certain conditions into the other varieties of energy, but we 

shall here confine ourselves to its connection with mechanical 

energy, which is the only form we have yet tt\\t\wtely described. 
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This conversion takes place in the phenomena of percussion, 
friction, and atmospheric resistance. Thus when the blow of 
a hammer is arrested by an anvil, its molar energy is changed 
into heat. Again, it is well known that savages produce tire 
by rubbing two dry sticks together, and this is a conversion 
of the energy of motion into heat through friction. We have 
already shown (Art. 119) that when a body in motion is 
resisted by the atmosphere, there is a conversion of its 
energy into heat. Now in all these cases molar energy is 
absolutely annihilated as molar energy, and at the same time 
heat is creaifd. There is however no creation or annihilation 
of energy as a whole, but merely an annihilation of one 




species, accompanied with the simultaneous creation of 
another species. 

The conversion of mechanical energy into heat is one that 
can be produced with the greatest possible ease ; the difficulty, 
indeed, is not so much to procure this conversion as to avoid 
it, and to this intent we use lubricants in order to diminish the 
friction of machinery as much as pos^ble. 

S43. The Exparlmenta of Jonle. Joule, of Manchester, 
was the Urst to establish a numerical relation between 
mechanical energy and heat. He conducted his experiments 
in the following -manner- 
He attached a known weight to a puWv ^V*i%- '*'^^ *"^ ■*-'^"» 
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of which was made to rest on friction rollers with the object 
of diminishing friction as much as possible. A string passing 
over the pulley was connected with a vertical axis, r, so that 
when the weight fell a rapid rotatory motion was communi- 
cated to r. Now the shaft was made to work a set of paddles 
immersed in a fluid in the box B, and a vertical section of one 
of these paddles is given in the figure. From this it is manifest 
that in this experiment the fall of the weight w'as made to 
agitate the liquid in B, and to heat it through this agitation. 
It is, in fact, a case of the conversion of mechanical energy 
into heat. 

By means of a number of such experiments, and others of 
a similar nature, Joule found that it required the expenditure 
of an amount of mechanical energy represented by 424 kilo- 
grammetres (or in C.G.S. units 42*4 million ergs) in order to 
heat a kilogramme of water one degree Centigrade. In other 
words, if a kilogramme of water be dropped under gravity 
from the height of 424 metres the energy of motion which it 
acquires will, if wholly converted into heat, raise its tempera- 
ture one degree Centigrade. Further, if it be dropped from 
twice this height its temperature will be raised 2** C. ; if from 
three times the height, 3** C, and so on. 

Example. — A leaden bullet weighing 50 grammes strikes a 
target with a velocity of 40 metres per second. Assuming 
that all the heat produced is spent in warming the bullet, how 
many degrees will its temperature be raised ? (specific heat of 
lead = 0*0314). 

Energy of bullet = 50J<_4000 x 4000 ^^^^ 

2 

Heat produced = g^-^-J-Ooo x 4000 therms. 

2 X 42000000 

= 9*5 therms. 

Now since the specific heat of lead is 0*0314, it will require 
0*0314 therms to raise the temperature of i gramme of lead 
i" C, and 1*57 therms to raise the temperature of 50 grammes 
of lead i" C. Hence 9*5 therms will raise the temperature 

of 50 grammes of lead ^-^ , or 6° C. nearly. 

1*57 

^xa////>/c'/or Exercise, — An iron v;e\gVv\. o^ ^k\Vo^ammes falls 
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a distance of 20 metres. Calculate its rise in temperature 
(specific heat of iron = 0*1098). Answer, — o*43^C. 

S44. Comyreraion of Oases. — Mayer, who at a com- 
paratively early period had divined the law of the conser- 
vation of energ-y, endeavoured to calculate the mechanical 
equivalent of heat from the heatings of gases through com- 
pression ; nevertheless his proof was not quite complete, and 
it was reserved for Joule to furnish the link necessary to its 
completion. 

When we compress «i gas we heat it ; but are we at liberty 
to imagine that the heating produced is the precise equivalent 
of the work spent in compressing it? Let us answer this 
question by asking another. Suppose we drop a weight into 
a larg^e quantity of fulminating powder, the result is the gene- 
ration of a large amount of heat ; but are we at liberty to 
suppose that all this heat is the mechanical equivalent of the 
energy of the weight? Clearly not, for the fulminating 
powder has altered its molecular condition, and in the process 
of doing so there has been the generation of a large amount 
of heat. Now when gas is compressed its molecules have 
been brought nearer together, and hence its molecular state is 
different. We therefore require to know what portion of the 
heat developed in the compression of a gas is due to the 
difference in its molecular state, and what to the mechanical 
work spent upon the gas. 

Now Joule's experiments inform us that in the case of gas 
the particles are so far apart as to have no perceptible action 
on each other, so that none of the heat produced by compres- 
sion is due to the coming together of mutually attractive par- 
ticles, but this heat is entirely the equivalent of the mechanical 
energy spent in the compression. 

We see now why a gas suddenly expanded becomes cooled. 
Suppose, for instance, that compressed air is contained in a 
vessel similar to the boiler of a steam-engine, and that the 
vessel has a cylinder connected with it in which a piston works. 
This piston has above it the pressure of the atmosphere, 
equal, let us say, to a weight of i ,000 kilogrammes. For the 
sake of simplicity we may therefore suppose that the atmo- 
sphere is done away with, and that instead a weight of 1,000 
kilogframmes is placed upon the piston. Now let the com- 
pressed a\r be turned on under the pislou, atvd\e\.>\% %>aL^^Qfa». 
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that ill consequence the piston is raised one metre in heif;ht. 
A certain amount of work has thus been done by the air in 
the vessel equivalent to that spent in rising 1,000 kilo- 
grammes one metre in height. This amount of mechanical 
energy of position has been created, and as a consequence 
so much heat-energy must have disappeared. The air will 
'therefore have become colder in consequence of this expan- 

For a similar reason, when gas is suddenly compressed work 
is spent upon the gas, that is to say, a quantity of mechanical 
energy is chan^d into heat, and the gas becomes hotter in 
consequence. 

S4S. OonTeraton of H»t Into Worii. — Suppose in the in- 




stance just now g^ven that instead of compressed gas we use 
steam under a considerable pressure. 

Let it be introduced below the piston (Fig. 67), which is 
raised in consequence up to the top of the cylinder. 

Let the supply from the boiler be now cut off by shutting 
the valve i^'', also let the steam below the piston escape into 
the air by opening the valve ti''\ The piston is now at the top 
of the cylinder. Next let the steam from the boiler be intro^ 
duced above it by opening the valve ji", so as to cause it to 
descend, and when it has got to the bottom of its stroke let 
this sleam be disconnected from the b<»ler by shutting if', and 
dischar^^ed as vapour into the air by opening i^, so that when 
t/ic steam /s introduced below the pislon tt viVft tmce more 
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mount upward. An alternating" motion of the piston in the 
cylinder may be thus produced, and a large amount of work 
may be accomplished if the piston-rod be connected with 
appropriate machinery. 

This arrangement is, in fact, the high-pressure steam-engine 
such as we see in a railway locomotive. 

In the low-pressure engine the steam, when once it is cut 
off from the boiler, instead of being driven out into the air is 
driven into a vacuum chamber, in which it is cooled by a 
copious supply of cold water. It is thus condensed and its 
pressure rendered 7til, 

Thus in the high-pressure engine we have the force of the 
steam on one side of the piston, and the pressure of the atmo- 
sphere on the other, so that the steam must have a higher 
pressure than the atmosphere, and hence the name of the 
engine. 

But, on the other hand, in the low-pressure engine we have 
the pressure of the steam on one side, and a vacuum, or nearly 
so, on the other. 

246. Importance of Cooling. — It will be noticed that in 
both engines we obtain useful work only by cooling the steam ; 
for had the steam not been cooled below the temperature at 
which it issued from the boiler, we should have been unable 
to obtain that difference of pressure which keeps the piston 
going. 

In the low-pressure engine the steam is cooled by being 
brought into contact with cold water in the vacuum chamber 
of the engine, while in the high-pressure engine it is driven 
out into the air and cooled in consequence. 

Cooling is, in fact, quite essential to the working of any 
heat-engine ; for as long as all the parts of an engine are at 
the same temperature it is absolutely impossible to convert 
heat into work. Heat is only converted into work by being 
carried from a body at a higher to one at a lower temperature, 
and even then only a small proportion of the whole heat so 
carried can be changed into work. 

247. The Principle of Camot. — Carnot, a French philoso- 
pher, who was the first to study this subject, very ingeniously 
likened the mechanical capability of heat to that of water, 
remarking that just as water on the same level can produce 
no mechanical effect, so neither can bo<3ives aX ^•e. ^-acecv^i 
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temperature ; and just as wc require a fall of water from n. 
hig^her to a lower level in order to obtain mechanical effect, 
so likewise we must have a fall of heat from a body of hig^her 
to one of lower temperature. 

The laws of this change have been studied by Clausius, 
Rankine, and Thomson, and from them we learn what pro- 
portion of heat may be utilized in a heat-engine. 

They begin by showing that the absolute zero of tempera- 
ture corresponds to about -273° C, a point which denotes 
the absolute deprivation of all heat. 

Now, if we could imagine a suitable engine, of which the 
hottest part was at 100" C, and the coldest part, or refrigera- 
tor, at -273" C, and if we worked this engine by carrying 
heat from the hot part to the cold part, under such circum- 
stances all the heat so passing might possibly be converted 
into mechanical effect, and we should have the full advantage 
of it. Thus for a quantity of heat sufficient to heat a kilo- 
gramme of water i" C. in temperature we should have 424 
kilogrammetres of mechanical energy, and so on in this pro- 
portion. But it is obviously impossible to have any part of 
our engine at an absolute zero of temperature, and therefore 
we cannot possibly utilize the whole mechanical equivalent 
of the heat which is carried from the hotter to the colder 
part. What proportion, then, can we utilize ? 

This may be expressed in the following way. Let us 
suppose that the higher temperature of our engine is 100** 
C, and the lower 0° C. ; the former corresponds to an abso- 
lute temperature above the zero of temperature of 373°, 
and the latter to 273", while the difference between them is 

lOO**. 

Now it is found that under these circumstances a pro- 
portion of the whole heat carried through the engine, repre- 
sented by 17p JZL.-7j?-, or ^f , may be converted into mechanical 

373 
effect. 

In like manner, if the temperature of the source of heat 
in the engine be 130" C, and that of the refrigerator 30° 
C, these will correspond to the absolute temperatures 
403** and 303°, and the proportion of heat utilized will be 

403 — 3J^. ^ J 
40J 
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We thus see how to find the proportion of the heat carried 
throug^h the engine which can be utilized, the rule beings 
to express the temperature of the source of heat atui of the re- 
frigerator in the scale of absolute tempercUures, atui then the 
difference between these two temperatures divided by that of 
the source of heat will denote the proportion capable of being 
utilized. 

This will, however, be only the theoretical limit of utiliza- 
tion, while in practice an engine will fall very far short of this 
limit. 

S4>8. Historic Sketch. — Heat-engines were constructed 
in an imperfect manner long before the theory of their action 
was well understood, but lately they have been greatly im- 
proved, and within the last fifty years engines of this kind 
have played a very important part in the progress of our 
race. 

We have, in the first place, the stationary engine for doing 
work ; secondly, the marine engine, with which steam-ships 
are fitted up ; and thirdly, the railway locomotive. 

By means of the first of these the power of production of 
the human race — their working power, in fact — is very greatly 
increased, and by means of the two last the power of locomo- 
tion is very much facilitated. 

Thus we have through the steam-engine not only a much 
larger power of production, but also a much larger demand 
for the products of our industry. Steam has, in fact, proved 
a great civilizing agency, and it promises soon to create a 
bond of union between all the varieties of the human race. 

Hero of Alexandria, about the year 120 B.C., had some idea 
of the power of steam, and constructed the Eolipyle, to which 
allusion has already been made (Art. 31). 

It is said that in 1543 Blasco de Garay by means of steam 
propelled a ship of 200 tons burthen in the harbour of Barce- 
lona at the rate of three miles an hour^ but this is doubtful. 

Porta, De Caus, and the Marquis of Worcester, at some- 
what later dates, independently conceived the idea of utilizing 
the pressure of steam to raise a column of water, and thus 
to perform work, but it is doubtful if their conceptions were 
ever realised in practice. 

Much merit is due to Papin, a Frenchman, who in 1690 
applied the motive force of steam lo taJise a. ^vs.V.oxv^ ^v^^ 
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actually constructed an engine on this principle, which did 
useful work in a mine. 

Newcomen in 1705 conceived the same idea that had 
occurred to Papin, and his engines continued in use until 
the time of Watt. 

In 1763 James Watt, who was philosophical instrument maker 
to the University of Glasg-ow, received a model of Newcomen's 
eng"ine to be repaired, and he soon perceived its faults of con- 
struction, and was led to those improvements which have 
made the steam-eng"ine what it now is. 

One of these was the introduction of a separate chamber for 
condensation of the steam. 

Suppose, for instance, that the steam from the boiler has 
been introduced below the piston, and that in consequence it 
has been driven up to the top of the cylinder. In order that 
it should descend with advantage, it is necessary not only to 
cut off the connexion of the steam under the piston with the 
boiler, but to reduce the pressure of this steam as much as 
possible ; in other words, to condense the steam. Now if this 
condensation takes place in the cylinder a large supply of cold 
water must be introduced. But this very same cylinder must 
again be heated before another up-stroke takes place with 
advantage, as we then wish to realize the full pressure of the 
steam. 

This led Watt to see that the cooling ought to be carried on 
in a different chamber from the heating, so that when it is 
wished to condense the steam all that is necessary is to open 
up a communication between the two chambers, an operation 
which will immediately reduce the pressure. In fine, the 
cylinder should always be kept as hot as possible, and the 
condenser as cold as possible. 

In order to keep this separate chamber as cool as possible 
Watt introduced an arrangement by which the water of in- 
jection, after it had become heated by condensing the steam, 
was pumped out. This was done by means of an air-pump 
driven by the engine itself, and in order to economize heat 
the heated water pumped out of the condenser was made to 
feed the boiler. 

Double action was another of Watt's improvements. Before 

his time, in Newcomen's engines, the steam was only intro- 

duced below the piston to drive \t up> and -wKetv at the top the 
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steam below it was cut off from the boiler and condensed, and 
the piston was then made to descend by means of the pressure 
of the atmosphere. But by Watt's arrangement the steam 
was introduced alternately above and below the piston. 
When it was introduced below in order to drive the piston up, 
the steam above was shut off from the boiler and condensed, 
so that there was no counteracting" pressure above ; and 
again, when the steam was introduced above in order to drive 
the piston down, the steam below was shut off and con- 
densed. 

Another improvement introduced by Watt was expansive 
working. If the steam from the boiler be introduced below 
the piston during the full length of the up-stroke, the velocity 
of the piston will gradually increase until it is suddenly 
destroyed at the end of the stroke. Work will thus be lost, 
and the engine will suffer. Now Watt remedied this by 
cutting off the steam from the boiler before the piston had yet 
finished its stroke, so that for the remainder of the. stroke the 
pressure of the steam would gradually get less and less and 
have only force sufficient to bring the piston to the top of the 
cylinder without velocity. 

249. Horse Poller. — Besides the economy of fuel in an 
engine, another point of interest is the rate at which it works. 
Thus if it does as much work in a minute as one horse, it is 
said to be of one horse-power ; if as much work as ten horses, 
of ten horse-power, and so on. In this country an engine is 
said to be of one-horse power when it will raise 33,000 lbs. one 
foot high in a minute, this being the average rate of work of 
the strongest horses. 

We have now described the laws which regulate the con- 
version of mechanical effect into heat, as well as those which 
regulate the opposite conversion, and it will be noticed that 
while it is very easy to convert mechanical energy wholly into 
heat, it is impossible to convert heat wholly back into 
mechanical energy. 

The connexion between heat and the various other forms 
of molecular energy will be considered when these energies 
are described. 



CHAPTER VII 
RADIANT ENERGY 

Lesson XXVII. —Preliminary 

250. LifTht and Heat. — When a substance is heated, it 
gfives out part of its heat to a medium which surrounds it 
(Art. io6). This heat-energ-y is propagated as undulations in 
the medium, and proceeds outwards with the enormous 
velocity of 186,000 miles in a second. If the temperature of 
the hot substance be not great these undulations do not affect 
the eye, but are invisible, forming rays of dark heat, such, for 
instance, as are given out by boiling water ; but as the tem- 
perature rises we begin to see a few red rays, and we say that 
the body is red-hot. As the temperature still continues to rise 
the body passes to a yellow and then to a white heat, until it 
ultimately glows with a splendour like the sun. 

It thus appears that we have two kinds of rays, those which 
do not affect the eye, or rays of dark heat, and those which 
the eye perceives, or rays of lig^ht. 

Let us first proceed to those rays which affect the eye. 

251. Definition of Optics. — The term optics is given to 
that branch of physics which treats of luminous rays. 

The old idea regarding light was that it consisted of very 

minute particles g^ven out by a luminous body, but of late men 

of science have come unanimously to the conclusion that it 

consists of waves which traverse a medium pervading space. 

There is thus no addition to the \ve\gV\\. o? a. \iod^ vaVucK 
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receives ligrht, and no diminution in the weight of one which 
gfives it out, nor is any blow given to a delicately-suspended 
substance upon which the light of the sun is made to 
fall. 

But while there are many properties of light which can 
hardly be explained except on the supposition that it consists 
of waves, there are others which can be studied indifferently 
under either hypothesis. 

252. Definitions of Optical Terms. — Suppose now that we 
have a very small luminous body, in fact a mere shining point, 
and that light is radiated on all sides by this small body, 
which forms, as it were, a centre from which waves of light 
proceed in all directions. If the eye look towards this point, 
a cone of rays strikes the eye. If the bulb of a thermometer be 
held near it, a cone or bundle or pencil of rays strikes the 
bulb. 

Now just as in a sphere we can geometrically conceive of a 
single radius, so in the case of the radiant point we can con- 
ceive of a single ray of light, and we may imagine a vast 
number of such rays to form a luminous pencil. 

If the luminous point be near the eye, the pencil of rays 
which strikes the eye is dwergent. On the other hand, the 
light which strikes the eye from a star or body at a very great 
distance may be regarded as Ti. pencil of parallel rays. We may 
likewise have a pencil whose section lessens .'is it proceeds, in 
which case it is called a convergent pencil. 

Substances are divided into two distinct classes with refer- 
ence to light : there are those which are opaque and those 
which are transparent. The former stop a ray of light, while 
the latter allow it to pass ; nevertheless no substance is per- 
fectly opaque or perfectly transparent, but a very thin slice of 
the most opaque substance will allow a little light to pass 
through it, while a very thick stratum of the most trans- 
parent substance will stop some light. 

As long as a ray of light moves through the same medium 
it moves in straight lines, but on passing from one medium to 
another, one part of the light is refiected, or thrown back, 
and another part enters the medium, but in a different direc- 
tion from that which it previously pursued ; this bending of the 
ray is termed refraction. 

252a. Liffht Invisible. — In ordwar'^ Vaw^wa^^ >««e: «^"!bi«. 



I 
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of a beam of light such as that produced when the sun shines 
through a hole and passes into a darkened room as if we 
could actually see the light. But light is invisible, we can 
only trace its track by the fine particles of dust in the atmo- 
sphere reflecting the light and becoming visible. If the 
beam be allowed to traverse the heated space over the 
flame of a Bunsen burner which will burn up these particles 
a dark space in the path of the beam is immediately pro- 
duced. 

asab. LifTht Travels in Btraigrht Lines.— So long as light 
traverses a uniform medium it travels in straight lines, other- 
wise we could see round 
A^ ^^^_^^_^^^ a corner or through a 

bent tube. One of the 
most interesting proofs 
of the rectilinear pro- 
pagation of light is 
afforded by the pin 
hole camera. This is a 
KiG. 67c. box exactly like a pho- 

tographic camera, but 
in place of a lens there is a small aperture. On the focusing 
screen inverted images of the landscape in natural colours 
will be produced. Fig. 67a explains how the images are formed. 
Let A B be any object, light is emitted in all directions from it 
in straight lines, but only a certain number of the rays can pass 
through the aperture. Thus a small bundle of rays passes 
from the point A and reaches a', producing there an image of 
the arrow head. Similarly at b' an image of B is formed. 
The si^e of the image may be altered by changing the 
distance of the screen from the aperture and is regxilated by 
the rule : — 

Size of Object _ Distance o f Object from Aperture 
Size of Image Distance of Image from Aperture 

252c. Shadoivs. — A further good illustration of the recti- 
linear propagation of light is furnished by the production of 
shadows. When light proceeds from a small luminous point 
such as an arc light, very sharply defined shadows are pro- 
duced with clear definite edges, but ordinary shadows which 
are produced by luminous bodies oi some svie VvaN^i a central 
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shadow or nmbrb, and a boundary ha.]f shadow or ] 
Thus in Fig. 67A, if A represent a luminous body such as the 
ground glass globe of a lamp, and b an opaque sphere, by 
drawing rays from the lower and upper parts of A, it will be 
seen that the only part in total shadow will be the central 
cone, reaching to s ; above and below this cone a certain 
amount of lig'ht only will be obscured. By placing^ a screen at 
nui a shadow with a black centre and a half dark boundary 
will be obtained. 

S5S. VelOcItT of LiKbt, Sciiner'a MetHitd.— Romer, a 
Danish astronomer, in 1675 was the first to determine the 
velocity of tight from the eclipse of Jupiter's satellites. It so 




Fig. 67*. 

happens that at equal intervals of 42h. 28m. 36s. the first 
of Jupiter's satellites passes within his shadow, and is thus 
obscured. Now if light travelled instantaneously from Jupiter 
to the Earth, we should see this phenomenon precisely at the 
moment when it took place. But Romer found Chat when the 
Earth was farthest away from Jupiter there was a retardation 
in the time of the occurrence equal to i6ni. 36s. 

Now it will at once be seen (Fig. 68) that the Earth is 
nearest Jupiter when both are in one line with the sun and 
on the same side of him, and that the Earth is farthest from 
Jupiter when both planets are in one line with the sun but on 
different sides of him, and that the difference of distance in 
these two cases is the diameter ottVio ta.t\.\i'i ov\i\*.. Wt-MLe. 
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Kdmer arg'ued that a ray of light takes i6in. 36s. to cross the 
diameter of the Earth's orbit. From this it may be calcu- 



lated that the velocity of light is about i«6,ooo miles per 
second. 

954. nse&ti'B Hethod.^The velocity of lig-hthasalso been 
determined by experiment. Fizeau's apparatus for this pur- 
pose willbe most easilyunderstood (see Fig-. 68a], Suppose we 
have a toothed wheel tviti, and that a ray of light from a source 
L is reflected from the transparent or partially silvered mirror 
m, and then is made to pass through the interval between two 
teeth. It is then allowed to proceed to a mirror m' some dis- 
tance off, from which it is reflected back precisely in the 
direction in which it came, so as to return through the same 




interval between the two teeth of the wheel from which it origin- 
ally proceeded to the mirror and the light l is obse rved by the 
ifye placed behind the mirror iii. W, Vvovjever, the toothed 
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wheel is made to revolve with great velocity, the ray of light, 
when it comes back from the mirror, may find itself stopped 
by the next tooth, and may not be a.ble to pass. 

Whether this will happen or not will depend upon the time 
the ray of light takes to go from the toothed wheel to the 
miiTOr and back aga.in, and upon the velocity with which the 
wheel is made to revolve. 

V. Fizeau so performed the experiment as to stop the ray 
of light on its return, and knowing at the same time the rate 
of revolution of the toothed wheel he was able to estimate 
the time the ray took to go from the wheel to the mirror and 
back again, and he thus determined the velocity of light 

£xamp/i.— The distance between the station at t and that 
at t' was 8,600 metres, and when the speed of the wheel 



was such that the wheel took i/iS,ooo of a second to move 
through the breadth of a tooth, the light was eclipsed. Calcu- 
late the velocity of light. 

A-iswur.—The \ighl traversed 3x8,600 metres in i/i8,OO0 of 
a second, hence in one second it would travel 2 x 8,600 x i8,[>oo 
= 309,600,000 metres = 3x 10'" cms, approximately. 

S9S. Ii»w ot Imerae aqnuw*. — /flAe light from a luminous 
body fall upon a surface, the quantity of light which the surfact 
rtceives will vary inversely as the square of its distance from the 

To prove this, let s (Fig. 69) denote the luminous source, 
and let P denote a circular plate upon which the light falls, 
the distance s c being unity. Also let p' denote a plate 
■imilarly placed, but twice as far from the aouirce, \Vc «\*a.t»te 
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S c' being equal to 2. Now it is evident from the figure that 
the same amount of light which would fall on p will, if allowed 
to pass, spread itself out so as to fall on p', so that both 
circles receive the same amount of light from the source. 
But the figures being similar, p' is four times as large as p, 
and hence the light which falls on a portion of p' equal in 
size to P will be only one-fourth of that which falls on P ; that 
is to say, the same plate will only receive one-fourth of the 
light when its distance is doubled, or the light received will 
vary inversely as the square of the distance. 

Example I.. — A screen is placed at a distance of one foot and 
four feet from a source of light ; compare the quantities of 
light received. 

Answer.— q/qi = ' .. 

V" 4- 

/ I 
= I 

16 
= 16,1 

Example II.— A screen placed at a distance of six feet from 
a lamp receives a certain quantity of light ; how far from the 
lamp must it be placed in order that it may receive three times 
as much light? 

Answer. — The quantities of light received are in the pro- 
portion of I to 3, and these are inversely as the squares of the 
distances, hence 

V3 - ^, / ^, 

. I ^3 

• • d2 36 

d^ = 12 
.*. d = 3*46 feet nearly. 

256. Law of Oblique Illumination. — In the next place 
th^ intensity of the illumination of a plate or screen is proportional 
to the cross section which it presents to the direction of radiation. 
Thus let Fig. 70 denote parallel rays from a far-off source 
falling upon a plate perpendicular to the plane of the paper, 
and which we may represent by A B, the line on which it 
stands upon the paper. First let A B be perpendicular to the 
direction of the rays ; the plane w\\\ m l\\\s ^o^\\aqu teeexNvi 
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the greatest possible amount of light. Next let it be turned 
obliquely into the position A B' ; it is evident that it will now 
receive fewer rays, and that the amount received will be repre- 
sented by A c ; that is to say, by the cross section which the 
plate presents to the direction of radiation. 

This is the reason why the sun is so much less powerful 
at morning or evening than at noon, at winter than at summer, 
at the poles than at the equator, for the ground will evidently 
receive most heat when its surface is perpendicular to the 
sun's rays. 

257. Intrinsic lituninosity.— Let us now make a few 
remarks regarding intrinsic luminosity, or inherent brightness, 
and propose to ourselves 

the following question: — m 

Will the inherent brightness 

of a fire be diminished as 

we recede from it, or would 
the inherent brightness of 
the sun be increased could 

we view it from half its 2^^^! I** 

present distance ? To this 

we answer, that if we could p,^^ 

view the sun from half .its 

present distance the apparent area which it would cover would 
be four times as great as that which it covers at present, and 
the light which the eye would receive from it would also be 
four times as great. We should thus get more light from the 
nearer sun in the proportion in which its size was increased ; 
but if we could cut down or cover over this larger and nearer 
sun until it became of the same apparent size as the ordinary 
and more distant sun, then we should get precisely the same 
amount of light from it as we do at present. The same would 
take place in the case of a fire : the red body of the fire would 
grow no brighter as we approached it, but it would g^ow 
larger, and our eye would receive more light. If, however, 
we held a long narrow tube before our eye and viewed the 
fire through it, we should find no difference in the light that 
reached our eye until we had gone away so far that the fire 
did not fill up the field of view looking through the tube. 

We thus see that the quality or \tvlT\us\c >Q\\^\.TvfcS"& oil -a. 
luminous body does not vary with \ts d\s\.awee, vcvfc^'Ks»% ^"i 
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quality or brightness the light that would reach the eye by 
looking at the body through such a long narrow tube, and 
supposing the tube to be always so narrow, and the source 
of light always so large, that in looking through the tube we 
should see nothing else but this light. 

But if the luminous body should be so distant as not to 
subtend any perceptible area, but rather to appear simply a 
luminous point like a star, we should not then be able to judge 
of its intrinsic brightness. 

S58. Photometry. — The part of Optics which deals with the 
measurement of the intensity of Light is called Photometry, and 
the instruments used for the purpose are called Photometers. 

One of the simplest of these is that devised by Bunsen, who 
makes a grease spot on a sheet of porous paper. This spot, 
if illuminated in front, will appear darker than the surrounding 
paper, but if illuminated behind it will appear brighter. Now 
let a standard light, such as that from a wax candle of known 
dimensions, be placed behind the paper screen and kept there 
in a fixed position during the experiment ; the greased spot 
will shine out in consequence, and appear more luminous than 
the paper. Next place the light to be examined in front of 
the screen, and move it to such a distance that the grease 
spot is made as much darker than the paper by the light in 
front as it is made brighter by the fixed standard light behind, 
now appearing, in fact, of the same brightness as the paper. 

Different lights may thus be compared with one another ; 
for when the grease spot becomes of the same brightness as 
the paper, or in fact vanishes as a bright spot, it denotes that 
an amount" of light has been thrown from in front upon the 
paper equal to that thrown upon it by the fixed standard light 
behind ; and if we know at the same time the distance of the 
luminous object in front from the paper, we are enabled to 
measure the intensity of its light. Thus if one light causes 
the grease spot to vanish when placed at the distance of one 
foot in front of the screen, and another light when placed at 
the distance of two feet, we should conclude that the lumin- 
osity of the latter is four times as great as that of the former, 
inasmuch as the latter is found to produce the same effect as 
the former at double the distance, and we know that by 
doubling- the distance the effect upon the screen is diminished 
four times (Art 255). 



RADIANT ENERGY 



277 



Sxariifi/e.^Vsing a Bunsen photometer to compare the 
iltuminating: powers of a lamp and a candle. It was Found that 
the grease spot was invisible when the lamp was 80 cm. and 
the candle 25 cm. from (he screen. Find the ratio of Che 
illuminating powers. 

Anrwir. — The illuminating powers are as the squares of the 
distances from the screen, hence 

Lamp 80* _ 256 _ 
Candle " 25' "^ ^5 ~ 
or the illuminating power of the lamp is nearly ten times that 
of the candle. 

S58s. Tke Bhadoiv Fliotometer.^A method which is 
sometimes of service consists in comparing the relative depths 




of the shadows produced by two sources of light which It is 
wished to lest. Thus, if the illuminating power of a lamp 
(Fig. 7011) is to be valued with reference to a candle, a rod is 
fixed vertically in front of a white screen and then Che position 
of the lights are altered until it is judged that the shadows of 
the rod are of equal blackness. The dislance of each light 
from the screen is measured and the result calculated out in 
the same manner as in the case of the Bunsen method. 

859. tUnmliiKttiiK Powar Mid Inhermt BrlBhtoaaa. — 
We again remark the distinction between the illuminating 
power of a source of light and the inherent brightness or 
quality of the light. 
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The illuminating power is quantitative merely, and refers to 
the capacity of the light to illuminate a screen at a given 
distance. But the intrinsic luminosity takes account of the 
size of the luminous body as well. For instance, a large fire 
may produce the same illuminating effect as a couple of jets 
of gas ; but the size of the fire is much larger, and if we place 
the gas between our eye and the fire we shall soon see that, 
size for size, the gas will give most light. 

Lesson XXVI IL— Reflection of Light. 

260. From Plane Mirrors. — When a ray of light falls 
upon a plane and polished metallic surface, it is reflected 
according to the same law which holds for sound (Art. 142) ; 
that is to say : 

(t) The angle of reflection is equal to the angle of incidence. 

(2) The incident and reflected rays are in a plane perpendi- 
cular to the surface of the mirror. 

The truth of these laws may b.e rendered visible to the eyv 
by allowing a beam from the sun, or from an electric lamp, to 
fall upon a mirror in an otherwise dark room. The path ot* 
the ray, both before and after reflection, will be rendered 
sufficiently visible by the floating particles of dust which are 
lit up as they encounter the beam. If the mirror is horizontal, 
it will be seen that both rays are in the same vertical plane, 
and also that if the incident ray falls rapidly towards 
the mirror the reflected ray rises as rapidly on the other 
side. 

If a luminous substance be placed in front of a plane mirror, 
an image of the substance is seen, as it were, behind the 
mirror. We know that in reality there is no substance behind 
the mirror, although the rays of light which reach the eye 
from the mirror affect it in the same manner as if there were. 
This image of the luminous substance given by a plane mirror 
is therefore called a virtual image. 

The following figure will assist in explaining the laws of the 
formation of images by plane mirrors. Let A denote a 
luminous point, and M M a plane mirror, and let the reflection 
of the luminous point be viewed by the eye at D D' ; also let 
A a' and B c' denote lines perpendicular to the plane of the 
/njrron 
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Now since B D is the reflection of A B, it follows, from the 
law of reflection (Art. 142), that the angle ABC is equal to 

CBD. 

But A B c is equal to B A a', since A a' and B c are parallel. 

Also c B D is equal to B a' A for the same reason. 

Hence it follows that B A a' is equal to B a' A, and hence that 
A M = M a' ; that is to say, a' is as much below the mirror as A 
is above it. 

By similar reasoning" it might be shown that the reflected 
line d' b' would, if prolonged, pass through the point A', 
making A M = M a' as before, and in fact all the rays from A 
which strike the mirror will, after reflection, appear to proceed 




Fig. 71. 

from a'. We thus see that the point from which the reflected 
rays appear to proceed lies as much behind the reflecting 
surface as the luminous point which is the source of the rays 
lies before it. 

We also see how in all cases to construct a figure which 
will show the apparent form and position of the virtual image 
of any substance reflected from a plane mirror. 

Thus let A BCD (Fig. 72) be an irregular body, of which we 
wish to study the reflection in the mirror M. From the various 
points of the body A B c D drop perpendiculars upon the plane 
of the mirror, and continue them on the other side, until in all 
cases the lengths behind the mirror are equal to those in 
front. Then will the figure, formed b'^ '^o\tv\w^ Vo^<e!Ocve\ "Ccve, 
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!S of these lines, represent (he apparent position and 
form of the reflected image. 

We are all of us familiar with reflected images from plane 
mirrors, and it is well known that if a body be close in front 
of a mirror its imag'e will appear to be close behind, while if 
the body be a long way in front its image will be a long way 

The reflection of the human figure in a vertical mirror will 
be erect, like the figure itself, but it will be left-handed, the 




right hand of the individual appearing aa the left in the reflec- 

In like manner, if letters (Fig. 71) be written upon a wall in 
front of the mirror from left to right, or in the usual way, the 
reflected image will appear as if they had been written from 
right to left. This is called lateral inversion. 

All these peculiarities of reflected images are easily under- 
stood if we bear in mind the rule that the reflected image of 
a point is as much behind the mirror as the point itself is in 
front. 

asi. Kellectlon from Cnrred Mlrrora.— When a ray of 
light strikes any point of a curi'ed surface, in order to find the 
direction of the reflected ray we must first of all find the posi- 
tjoii of the tangent plane to the surface cit thai point. Now it 
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is well known that Tor exceedingly small distances around the 
point of contact a curved surface may be supposed to coincide 
with its tangent plane, and hence the reflection at that point 
mil be the same as if it took place from the tangent plane. 

The most important case of reflection from curved surfaces 
is that in which a concave spherical mirror is struck by a 
pencil of parallel rays, as in Rg 73. Let D D' represent a 
section of such a mirror, and let c be its centre ; also let 
E D, A B, e' D' denote parallel rays impinging against the 
mirror. Let us consider the ray E D, since the tangent plane 
to the sphere at any point is perpendicular to the radius, hence 
at D it is perpendicular to c D, or c n is the normal to the 
tangent plane. Hence the ray E D will be reflected in some 
direction, D F, such that e d c shall be equal to c D F (Art, 160), 




F being the point where the reflected ray cuts the central line 
A B, or ray which passes through the centre. 

But since E D is parallel to A B, the angle E D c is equal to 
the angle D c e, hence the angle c d f = (he angle D c F, and 
therefore c F = F D. 

Now if the beam of parallel rays be confined to short dis- 
tances from the central line, F D will be very nearly equal to 

But C F = F I), hence for such rays c F will be very nearly 
equal to f b ; that is to say, the various reflections from the 
rays of such a beam will all cut the central line A B in some 
point, F, half way between c and B : the point F will, in fact, 
be the focus for such rays. 

aea. Keal Inuice prodncad hj ConckTe Mirror. ~-Let us 
now suppose that we have a concave mirror of this kind, and 
that we point il directly towards the sun. It will at once be 
seen Ihxit Iht rays which strike the \a,r\OMS ^ai^'i o'i "Js-i ««nwt 
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from the central point of the sun are all parallel rays (see Fig. 
73a), inasmuch as this point is a very great distance off; and 
in like manner, the rays which strike the various parts of the 
mirror from any fixed point in the rim of the sun will all be 
parallel rays for the same reason ; but on the other hand, the 
rays from the point in the sun's rim will not be parallel to the 
rays from his central point. 

In fact, the rays from the central point of the sun will 
refer themselves to one axis of the mirror, and we shall 
look for their focus in this axis ; while the rays from a 
point in the sun's rim will refer themselves to another axis 
of the mirror, and we shall look for their focus in this other 
axis. 

We shall thus have a series of axes all passing through the 




Fig. 73.1. • 

centre, each axis containing the focus for some one point of 
the sun's disc, and each focus being at a distance from the 
centre equal to half the radius. A circular image of the sun 
will thus be formed ; and furthermore, it will not be a virtual 
but a real image, so that if a photographic plate were to be 
placed in the focus of such an instrument we should obtain a 
likeness of the sun. 

263. Definition of Principal Focus. We have hitherto 
considered parallel rays or those coming from a body at an 
infinite, or at least a very great distance. The case will, 
however, be altered if the rays which strike the mirror are 
divergent rays proceeding from a body near the mirror. 

Thus, in Fig. 74, let L denote a luminous point from which 
rays proceed to the concave mirror D B d'. It is evident that 
the ray which strikes the mirror at D will be reflected in a 
direction d/, such that the angle L D c shall be equal to the 
anj^Jc c T) /. Had, however, a ray parallel to the axis L c i;, 
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d upon the mirror at D, il would have been reflected in 
the direction d f. In fact, while F is the focus for parallel 
rays, / is the focus for rays proceeding from L, the focus 
being in this latter case farther from the mirror and nearer its 

F, or the focus of parallel rays, is called the prtaeipal 

a84. Proof or Fonuala.— A\'e thus see that if a luminous 
point be placed at L, the focus of its reflected rays from the 
concave mirror will be at /, and it will readily appear that if 
the luminous body be placed at/ its focus will be at L, Mnce 
■he only difference between the two cases is that in the first 
case the rays began their journey al L and ended il at/, 




whereas in the second they began it at/ and ended it at I, ; in 
fact, the two points L and / bear a reciprocal relation to 
each other, and are therefore called conJnKate foel. 

To find the relation between the distances of the conjugate 
foci from the mirror, let I. B — «, b/ — t; CB = r, then by the 
law of reflection c D bisects the vertical ang-le of the triangle 

I.D/ 

■■■ c7=d7 

But if thf angle ni, B is small, l. d is nearly equal to L B and 
n/toB/, hence 
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Clearing of fractions uv - vr = iir — uv 

transposing vr + itr = 2 iiv 

dividing by iizi'- i 1 j 

SM. Rtndjr of Fomml*.— We thus began with strictly 
parallel rays, which gave us the principal focus, and we then 
brought our luminous point nearer, so as to be the source of a. 
divergent pencil of rays, which gave us a focus farther from 
the mirror than the principal focus. Thus none of the foci or 
conjugate foci which we have been considering have been so 
near the mirror as the principal focus. Now what will happen 
if the luminous pcnnt be nearer the mirror than the principal 
focus? This case is exemplified in Fig. 75, where we see that 




the reflected rays will appear to diverge from some point 
behind the mirror ; in fact, the focus will now be virtual, and 
not real. Thus, for all luminous points further from the mirror 
than its principal focus we have real foci of reflected rays, but 
when the luminous point is nearer than the principal focus, the 
focus for the reflected rays is a virtual one, and the rays 
appear to proceed from behind the mirror. 

The formula ' + - = - (An. 264) is applicable to all these 



infinite distance, so that the 
■ror are parallel rays. Then 
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2. Let u be greater than r, or let the object be beyond 

r 
the centre, then v will be less than r, but greater than ^, or 

the focus will be between the principal focus and the centre. 

3. Let « = r, or let the object be at the centre of the 
mirror, then z/ = r, or the focus is also at the centre, and 
coincides with the object. 

r 

4. Let u be less than r, but greater than -, then v will be 

greater than r, or the focus will be beyond the centre. 

r 

5. Let u be less than - , or let the luminous point be between 

the principal focus and the mirror, then v will be negative, that 
is to say, it must be reckoned on the other side of the mirror, 
and the focus will be a virtual one. 

Example L — The radius of curvature of a concave mirror is 
50 cm., and a candle flame is placed at a distance of 120 cm. 
from it. Find the distance of the image. 

Answer, — Since 
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Example H. — An object is placed at a distance of 90 cm. from 
a concave mirror, and an image is formed 45 cm. from the 
mirror. Find the radius of curvature. 

2 _ j[_ I 

r~ 90 "^ 45 

= ^ 
90 

2 X 90 ^ ^ 
^ _. — . zr zs 5o cm. 

3 
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Example III.— A luminous point is placed ao em. from n. c 
cave mirror of So cm. radius. Find the conjugate focus. 



.-. V- - 40. 
Hence the conjugate focus is behind the mirror, at a distance 

sas. Relative 8iae of Im<we <utd Ottject.— Suppose now 

that instead of a single luminous point we have a line AB 



(Fig. 76)1 And that we wish to iind the positii 
image as ^ven by a concave mirror of which c 







Froni the point A draw the line a CD, passing through c the 
centre of Ihe mirror. The focus correspondlnj^ to A will be 
some point a', which we know already how to find. 

Again, from B draw a line B c E passing through c the 

■ centre ; the focus of B will in like manner be in some point b'. 

In fine a' b' will be the image of a b. In the case we have 

given, Ihe image will be real and inverted, and it will bear Ihe 

following relation in size to the object from which it proceeds ;- - 

Length of object is lo length of image as distance of object 
from centre is lo distance of image from centre. 

If, however, the luminous point be nearer than the principal 
focus, the image will be virlnsl and ernl. 

All these peculiarities of the images may easily be studied 
by means of a small concave spherical mirror, such as that 
attached to a m/crtiscope. 
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Supposing that a small object is placed immediately in 
front of such a mirror, its image is at first virtual, and 
appears to be behind Ihe mirror, and it is also erect. As 
the object is withdrawn the image increases in size, still 
remaining erect, until we reach the principal focus, when we 
are unable to perceive any image. As the object is still 
withdrawn, a magnified but inverted image may be seen by 
placing the eye considerably farther away than Ihe object. 

When the ot^ect is at the centre the image is there also. 

Lastly, if the object be beyond the centre, we have an 
inverted image nearer than the object, and less than it ; and 
if the object be still withdrawn, this inverted image becomes 
Mnaller and smaller, until it finally vanishes from the sight. 

SS7. Parabolic Mirrors. — In a spherical mirror the image 
of a point of light, such as a star, is only hroui^hl approxinmlcly 




le a fotm ; but the case is dilTercnt if we employ n parabolic 
mirror, that is to say, a mirror whose surface it that formed by 
the revolution of a parabola about its axi*. In thi* case, if 
a luminous point, such ai a sur. be placed at an infinite 
distance along the axin, the rays which strike the mirror will 
do so in lines parallel lo the axis, ns in V'\%. 7;. Lei c I> be 
one of these lines striking the surface at (he point (J. let B t 
denote a tangent (o the parabola, and let F>/bc (he line joining 
i> and the focus of the parabola. 

Now it is a well-ltnown properly of (he parabola rhat in 
all such cases the angle c r> F is ei|ual to the angle f. f>/, and 
hence if C D be a line of light incident on Ihe Surface of lh<« 
parabola at [>, which surface we may (here suppose (octHncidc 
with its tangent f^nr. it will be reflected in iV.p dwecilwar. ^ \ , 
so (hat fAe reflecfrd ray will pasn Ihrtniv:^ iV^^ (oc-w <.*. <^ 
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Hence the conjugate focus is behind the mirror, at a. distanc 

ass. RelKtlTS Slie of Imaca and Object. — Suppose no' 
Ihat instead of a. single luminous point we have a line A 
(Fig. 76), and that we wish to find the position and size of i1 




From the point A draw the line A C D, passing: through c the 
centre of the mirror. The focus corresponding: to A will be 
some point A', which we know already how to find. 

Again, from B draw a line B c E passing through c the 

' centre ; the focus of B will in like manner be in some point b'. 

In fine a' b' will be the image of A B. In the case we have 

given, (he image will be real and iiiverleii, and it will bear the 

following relation in size to Ihe object from which it proceeds ;-- 

Lenglh of object is lo length of image as distance of object 
from centre is la distance of image from centre. 

If, however, the luminous point be nearer than the principal 
focus, the image will be virtual and ered. 

All these peculiarities of the images may easily be studied 
by means of a small concave spherical mirror, such as that 
attached to a microscope. 
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Supposing ihal a small objecl is placed immediately in 
front of such a mirror, its image is at first virtual, and 
appears to be behind the mirror, and it is also erect. As 
the object is withdrawn (he image increases In wie, still 
remaining erect, until we reach the principal focus, when we 
are unable to perceive any image. As the object is still 
withdrawn, a magnified but inverted image may be seen by 
placing the eye considerably farther away than the object. 

When ihe object is at the centre the image is there also. 

Lastly, if the object be beyond the centre, we have an 
inverted ima^ nearer than the object, and less than it ; and 
if the object be still withdrawn, this inverted image becomes 
smaller and smaller, until it linally vanishes from the sight. 

a«7. Parabolic MlrrorB.— In a spherical mirror ihe image 
of a point of light, such as a star, 11 oii/y brotif^hl afifroximately 




ia. 77. 

lo a foiiis ; but the case is different if wc employ a parabolic 
mirror, that is to say, a mirror whose surface is that formed by 
Ihe revolution of a parabola about its axis. In this case, if 
a luminous point, such as a star, be placed at an infinite 
distance along the axis, the rays which strike the mirror will 
do 5o in lines parallel to the axis, as in Fig. 77. Let c n be 
one of these lines striking the surface at the point D, let E f 
denote a tangent to the parabola, and let u/be the line joining 
I) and the focus of the parabola. 

Now it is a well-known property of the parabola that in 
all such cases the angle c D f is equal to the angle E d/, and 
hence if c D be a line of light incident on the surface of the 
parabola at R, which surface we may there suppose to coincide 
with its tangent piano, it will be refletted m (.^w Sw«c(\(m.Ti j , 
,«> that the reflected ray will pass thiou^Vi xVe ^oc-as "^ *"* 
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parabola. In like manner, the reflection of any other ray of 
light coming" from the star will pass through the geometrical 
focus of the mirror. Therefore in the case of a parabolic 
mirror and a star placed along its axis, the geometrical focus 
is not only approximately, but strictly, the optical focus. 

On the other hand, if a luminous point were placed in the 
focus of a parabolic mirror, its rays would be reflected in 
lines strictly parallel to the axis. 

Parabolic mirrors present, therefore, certain advantages 




Fig. ^^a. 



over circular mirrors ; but, on the other hand, it is difficult to 
construct them accurately. 

268. Convex Mirrors. — We have dwelt on concave 
mirrors because they are the most important. We shall only 
state that in convex spherical mirrors the foci are all virtual, 
the reflected rays appearing to proceed from a point behind 
the mirror. This will be seen by studying Fig. 77a. 

If A B be an object in front of the convex mirror, whose centre 
of curvature is c, then to find the position of the image of A, 
we must trace the path of any two rays such as A ni and A «. 
If we choose A m so that it would pass through c, then this ray 
will be reflected back on itself and the image of the point A 
will be produced somewhere along the \\t\e \c. To ^tvdlKe 
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exact poBilioi) determine the position of the second ray after 
reflection. It will he alon^ » r, and therefore the imagre of A 
will he somewhere along F r. Where the two produced 
reflecled rays meet at a will be the portion of Ihe image of A. 
In a sitniUr manner the position of the image of B could be 
found to be at A. 

Lesson XXIX.— Refraction of Light. 
see. I.BW of Refractlim.-Allusion has already been made 
(Art. 253) to the bending of a ray as it passes from one medium 
10 another. This bending is 
called the refraction of light. 

Let us suppose (Fig. 78) that 
we have a surface of glass, or 
any similar transparent sub- 
stance, perpendicular to the 
plane of the paper, and repre- 
sented by the line a b, also 
let C D denote a ray of light 
passing iil vacuo, and incident 
on this plane at D, and let 
F P c be a perpendicular lo 
ihL- plane at the same point, 

then as the ray of light passes Fir,. 78, 

from a rarer to a denser me- 
dium, it will be bent towards the perpendicular as we see in 
the figure. There are two laws which regulate the path of 
the refracted ray. 

Lavi I. Tie iii^idenl and refracted rays, C D, D E, are in the 
same plane wttk v xtG, the normal lo the plane al D. 

Law II, For Ihe same medium, v/Aalevtr be Ihe incideiue, the sine 
of the angle c d f, or angle of incidence, always bears a fixed proper- 
„:„ .JIUI .fa D ., .;. ..i/, .fr,/r^,i,n. 

This last law may be expressed as follows ; — 
Take equal lengths, c D and d e, of the incident and re- 
fracted rays, and drop c f and e c perpendicularly upon the 
normal, then for the same substance the ratio between c f ■ 
and c E will always be the same, whatever be the direction of 
Ihe incident ray. 

Again, if the ray of light, instead oi ^a^«\^ ^toro. -lafaa 
into the medium, passes out from iVie mefivum wvVo n^k-m.**.'™ 
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have only to suppose the direction reversed ; that is to say, if 
E D be a ray in the substance pas^ng out at D, it will be bent 
fnm, not imuards, the perpendi'rular into the direction d c. 

Another noteworthy point is, that when a ray strikes the 
sur&ce of a medium at right angles it suffers no refraction, 
for in this case the sine of the angle of incidence, or c D F, 
being zero, the sine of the angle of refraction, or E D g, must 




also be zero, that is to say, the ray will continue in a direction 
perpendicular to the surface. 

Hence also, if a ray emerge from a medium in a direction 
perpendicular (o its surface, it will not be bent. 

S70. Ezpertmental Fr«of of Iikws.— The truth of theso 
laws may be illustrated experimentally by an apparatus thai 
may also be used for reflected rays. 

It consists of agraduated vertical ciicle (Fig. 79) having at 
its centre a small semicircular cylinder of some refracting sub- 
stance, the upper surface of which is horizontal. Suppose now 
that a my c V, coming from a small aperture, c, at the cir- 
cumAtencn oTlhe graduated circ\e, \a oWo^Nedi \.(j «.nVE<LVB 
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refracting substance at D, its centre of figure, this ray will 
suffer refraction as it passes into the substance, but none as 
it passes out, because the substance is a semicircular cylinder 
of which D is the centre, and hence the ray of light when in 
the substance will form a radius which will thus be perpendicu- 
lar to the surface of exit, so that the ray will emerge without 
a second refraction. 

Now let the eye or a screen be so placed as to receive the 
ray of light at the graduated circle at some point E ; next read 
on the graduated limb the values of the angles CDF and E D G, 
and, taking their sines, it will be found that these will bear a 
fixed proportion to each other, whatever be the direction of 
the incident ray c D. 

In the next place, it is evident that the incident and refracted 
rays are in a plane perpendicular to the surface, for these rays 
are in the plane of the circle, or in a vertical plane, while, on 
the other hand, the refracting surface is horizontal. 

271. Index of Refraction. — We have seen that when a ray 
of light proceeding from vacuo strikes a plane refracting sur- 
face it is bent, so that the sine of the angle of incidence bears 
for the same substance a constant proportion to that of refrac- 
tion, that. is to say : — 

sine of anerle of incidence 

^ — P— _ . = a constant quantity. 

sme of angle of refraction 

This quantity is called the index of refraction for the sub- 
stance in question. The following are the indices of refraction 
for some of the most important substances : — 

Table No. 37.— Indices of Refraction. 



Solids and Liquids. 
Diamond . . 2*47 

Phosphorus . . 

Sulphur 

Bisulphide of Carbon 

Flint glass .... 

Rock salt .... 

Rock crystal . . . 

Alcohol 

Ether 

Water 

Ice 



to 275 
2*224 

2*115 
1-678 

1*575 
I 550 
1-548 
1*374 
1*358 
1*336 
1-310 



Gases. 

Hydrogen . 
Oxygen . . 
Air. . . . 
Nitrogen 
Carbonic acid 
Nitrous oxide 
Olefiant gas 
Chlorine . 



'000 1 38 
•000272 
'000294 
•000300 
•000449 
•000503 
•000678 
•000772 
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278. Total Internal Reflection. — Let us now suppose a 
ray of light to strike very obliquely against the surface of a 
refracting medium, so as almost to graze the surface and make 
an angle with the normal equal to 90°, what would be the path 
of such a ray after refraction ? Thus, suppose that the index 
of refraction of a substance were = 2, and that a ray entered 
the substance in this fashion, the sine of the incident angle 
being — i. 

Hence to obtain the sine jr of the refracted angle we have : — 

1 

-_ = 2 

or .r =-1 

2 

but sine 30" = - 

2. 

Therefore rays in all possible directions, entering the sub- 
stance, would, after refraction, be compressed within a cone 

w^hose sides make an angle 
with the normal equal to 30'' 
all round. Hence also a ray 
in such a medium, making an 
angle with the normal equal 
to 30° or forming a side of the 
internal cone of rays, would 
emerge into vacuo, so as just 
to graze the surface. But 
Fig. 80. what would happen to a ray 

traversing such a medium not 
embraced within the cone, but making an angle with the 
normal greater than 30**, and therefore having a sine greater 
than i ? Evidently if it emerged the ratio of i to 2 in the 
sines could not be preserved, for we cannot have a sine 
greater than unity. Now under such circumstances the ray 
will not emerge from the medium at all, but there will be total 
internal reflection. For all media there is an angle of this 
kind, beyond which the rays will not emerge into vacuo, but 
will suffer total reflection from the surface. This is called the 
critical anirle. 

We often see a reflection of this kind from the surface of 
water in n vessel. Thus (Fig. 80) Ihe reftec\\otv of an object 
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at A will be seen at B, beings reflected from the surface of the 
water in the spherical vessel. 

273. The Mlraire.— Very frequently in hot climates the 
layers of air in contact with the ground are more heated and 
less dense than those above them, so that the angle of total 
internal reflection is sometimes reached by the rays of light 
which fall obliquely upon these layers from an object ; now 
such rays after reflection entering the eye of the distant 
observer will give an inverted image of the object as if from 
the surface of a lake. This phenomenon is known as the 
mirage 

274. Relative Indices. — Suppose that we have, in the first 
place, a plate of one medium, with its sides parallel. 

A ray of light in passing through such a plate would be 
bent, as in Fig. 81, but would ultimately emerge in a direction 
E q', parallel to its original direction, p' D. Suppose now that 
we have two plates, the upper plate being of a medium less 
dense than the under, and that we wish to find the relative 
index of these two media ; that is to say, we wish to estimate 
the refraction of a ray of light passing from the upper to the 
under medium. 

Now it is found by experiment that the ultimate emergent 
ray, c Q, will be parallel to P A. Call «j the absolute index of 
the upper medium, that is to say, 

sin w A P 
sm B A m 

11 • „ . / sin in A P 
Hence sin B A /// = . 

Lot //' be the relative index for the two media ; that is to 
say, let 

sin A B w / 

. , = n 

sm c B n 

Finally, let n^ be the absolute index of the lower medium ; 
that is to say, let 

singe/ _ 



sm B c / 

I 

sin B c /> sm Si ^ i>* • 



Hence ~ 
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' sin c b"^' " sin"Tc"7 " 7^ " silTe'cy ' 

but since P A is paralli;! to C Q, 

976. PriamB. — For optical purposes transparent sub- 
slances are oDen made into prisms, which are chiefly tri- 
anffular. 

Now a triangular glass prism simply means a triangular 




g'lass column, and in Fig. Sz this column is supposed I 
stand perpendicularly upon the plane of the paper on th 

The path of a ray through such a prism is exhibited in th 
figure. 
//en; vt ia (/it incident ray, iiiiil is ftts\. Wni. onuHterin 
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Ihe prism towards the perpendicular, assuming now the direc- 
tion E e'. In emer^ng from the prism at e', it is. on the 
other hand, bent from the perpendicular in the direction e' d'. 
Thus it sttnick the prism in the direction D E, and finally 
leaves it in the direction e' d', and the angle f a D', which 
these two lines make with each other, is called the aa«l« of 
deTlKtlon. 

It can be shown that when the ang;les n E 6 and d' e' c are 




exactly equal, we have that position of the prism which gives 
us the minimum deviation. 

It can also be shown that if the angle a of a prism be 
greater than twice the critical angle (Art. 373) of the substance 
which forms the prism, then the luminous rays will be incapable 
of passing through the faces of the refracting angle of the 
prism, as in the figure, but they will instead suffer internal 
reflection. 

For glass (his critical angle is 41°, so that we cannot make 
un: of a glass prism of which the angle is greater than 84°. 

A hollow prism whose sides are flat plates of glass, or some 
similar substance, may be filled with a refracting liquid, so 
that we may have fluid as well as solid prisms. Further on 
we shall see how Important the prism has lately become as a 
method of analysis ; in the meantime we see how a ray of light 
is bent in passing through a prism. 
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Lesson XXX.— Lenses and other Optical 

Instruments. 

276. Xienses. — These are formed of some transparent sub- 
stance, and have generally such shapes as are given in the 
following figure : — 








Fig. 83. 

A is bounded by two spherical surfaces, and is called a 
double convex lens. 

B has one spherical and one plane surface, and is called a 
plano-convex. 

D is in like manner a double concave, 

E is a plano-concave. 

c is a converging meniscus, possessing on the whole the pro- 
perties of a convex lens. 

F is a diverging meniscus possessing on the whole the proper- 
ties of a concave lens. 

The first three lenses, A, B, and c, are converging ; that is to 
say, if a beam of parallel rays falls upon one of these lenses, 
the beam is made to converge to a focus on the other side. The^ 
other three are diverging lenses, inasmuch as they cause a 
beam of parallel rays to diverge. 

The effects produced by lenses depend not only on their 
shape, but on the materials of which they are composed, and 
these effects will be most easily understood by referring to the 
action of a prism on a ray of light. From Fig. 82 it will be 
seen that the ray of light is bent towards , not from, the base or 
thickest part of a prism, and we should therefore expect that 
a ray of light should be bent towards the thickest part of a 
lens. Now it will be noticed that the lenses a, b, and C are 
thickest in the centre, while D, li, and v ate tVvmtvcst in the 
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101' i[ H beam of parallel rays (Fig. S4) falls upon 
IS such as A, the rays wll be bent towards the 
na.de lo Converge to some focus, F, on the other 




F.<:. 84. 
side of the lens, and this focus will be a real and not a virtual 

On the other hand, if a beam of parallel rays (Fig. 85) 
falls upon a concave lens it will diverge, as if it proceeded 
from a focus not real but virtual at F. 

S77. Btudy ot Donble CouTO IiCdb. — The most important 
lens is the duuble convex. We have already said that if a 




beam of parallel rays (Fig. 84) fall upon such a lens, it will be 
brought to a focus at some point F : this focus is called the 
vrluctpeU focoa of the lens, and we may denote its distacwft 
from the lens by/. 
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Now (Fig. 86) let a divergent beam of lig'Vit strike upon a 
double convex lens, proceeding from a prant/ at a distance 
from the lens which we shall call n ; it will be bent into a 
focus on the other side to /' at some distance, t; and the 



relation between these two distances is obtained by the 
following formula : — + = . ,/ being the distance from the 

lens of its principal focus. 

We see from this formula that 

(0 If H = infinity, or if the source of li^ht is at an infinite 
distance from the lens, then 

and hence v =/; that is to say, the focus becomes the 
principal focus. 

(2) As, however, the distance r' of the source of light from the 
lens is diminished, the distance of the focus on the other ^de 
is increased, until when the distance of the source becomes 
equal to that of the principal focus, or 11 —/, we have inconse- 
quence 



that is to say, v is infinite, or the rays emerge &om the lens 
parallel and are not brought to a focus at all. 

(3) Still diminishing the distance of the source of Ugfat, if 
a is less than /, if-v is negative. This denotes that the beam 
of light, after it has passed the lens, is nol a coiivei^ent or 
even a parallel beam, but is divergent, as if it proceeded from 
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a virtual focus on the same side of the lens as the source of 
light itself. 

In fact, the source of light is now so near tlie lens, and the 
pencil is in consequence so divergent, that the lens cannot 




even bend it inio a parallel beam, but all it can do is (u Wssen 
ilK divergence. This peculiar action of a convex lens is 
illustrated in Fig. S7, where/ denotes (he luminous point, and 
/'the virtual focus of the refracted rays. 

It will be noticed that p' is greater than /, which means 
that although the lens has not been able to render the 
beam convergent, it has at any rale diminished its diver- 
genct 



S7S. ImaclB formed tiy Iienaea.— * 

ing figure how to Rnd the position and 
n luminous body formed by a double con 



see by the follow- 
; of the image of 




For instance, let A B denote a luminous flame further from 

he lens than its principal focus. Througli \ draw a 'iv«, 
1 i; A', passiiijf llirough c. Ihe cenlrc tA V\ie \ev\s ■, awi Sfeto's.^ 
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B draw in like manner a line B c b', passing also through c. 
Again, let a' denote the focus of the luminous point a as given 
by the lens, and b' the focus of B ; hence a' b' will be the 
image of the luminous flame A B. It will readily appear from 
the Hgure that this image is real and inverted, and that its size 
may be found as follows : 

Size of image is to size of object as k' c is to A c. 

If however the luminous flame be placed nearer the lens 
than its principal focus, the image, as in Fig. S9, will be a 
magnified, erect, and virtual image. 

We thus encounter two sets of phenomena in looking 







through a lens. In the first place, if we use the lens in order 
to view an object placed behind it and nearer than its prin- 
cipal focus, we shall see a magnified and erect image of (ho 
object. This is the ordinary way of using a lens. If, how- 
ever, the object be much further away than the principal focus, 
and if the eye be placed further from the lens than the imagi> 
of the object, then this image will be perceived as inverted, 
but small. We may see this action of a lens if we view a dis- 
tant landscape through il, at Ihe same time placing the eye at 
a sufficient distance from the lens. 

979. Tht Camera Obacnrb. — The chief optical instruments 
will now be very briefly described. Let us begin with Ihe 
camera obscura. This consists of a small chamber or box 
blackened in the inside, and having a lens placed in front of 
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s the rays of light proceeding from the 
objects oulside, and an image of these objects is produced in 
the chamber at B c. If now a piece of ground glass be placed 
at B c, this image will be pictured on the ground glass ; or if a 
sensitive photographic plate capable of being aRecCed by light 
be introduced instead of the 
ground glass, we shall be able 
to obtain an impression of the 
image upon it, and it is thus 
that portraits are taken by 
photography. It will be : 
that the various objects whose 
images we thus obtain should 
be as nearly as possible at the Fic. 1 

same distance from the lens, so 
that their images may all attain their greatest di» 
the same plate, B c ; for if an object be far off, it 
be brought to a focus 1 
object close at hand. 

HSO. The Eye. — The eye, Fig. 900, may be compared to a 
camera such as we have now described. The front part of it 
is called the cornea, c c, and behind it is a lens, o, in front of 



< 




which is a variable aperture admitting light, which Is called 
the pupil. The pupil adapts itself in size according to the 
amount of light ; if the field around be very luminous the 
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the camera an imag-e of the objects in front is formed on a 
plate, so in the eye an imag-e of the surrounding objects is 
formed on a membrane r r r, in the back part of the eye 
called the retina, and this is connected with a nerve called 
the optic nerve, which finally conveys the impression to the 
brain. 

281. Accommodation. liong^ and Short Siirht. — The eye 
has a considerable power of adjustment for different distances, 
so that if it be viewing a near object, the image of which is 
thrown exactly on the retina, and if then all at once a distant 
object be viewed, by an exercise of this power the eye is able 
to adjust itself so as to throw the image exactly on the retina. 
But sometimes, when the lens of the eye is too convex, distant 
objects will not be distinctly seen, for the focus of their image 
will be in front of the retina, and only near objects will be 
distinctly seen ; a person in such a case is called short-sighted. 
This defect is obviated by the use of spectacles formed of 
diverging lenses, which serve to correct the excessive con- 
vergence of the lens of the eye. 

On the other hand, the lens of the eye is sometimes not 
convex enough, so that while the images of distant objects are 
thrown upon the retina, those of near objects cannot be 
brought to a focus within the eye. In such a case the indi- 
vidual is said to be long-sighted^ and the defect is obviated by 
the use of convex glasses^ to increase the converging power 
of the eye. 

282. Simple Microscope. — An ordinary convex lens may 
be used as a means of magnifying small bodies, and its action 
in this respect will be seen with reference to Fig. 89. Here 
the eye is placed, let us say, at the point E, and the object to 
be viewed is placed at A B, somewhere between the lens and its 
principal focus ; the result is that we have an enlarged virtual 
image of the object, as if it were placed at a' b', and this 
image will be perceived by the eye at E. This virtual image 
must not, however, be too near the eye, otherwise the eye will 
not perceive it distinctly ; for experience must convince us 
that an object placed too close to the eye will not be distinctly 
seen. The virtual image ought not to be nearer the eye than 
about six inches or a foot. 

283. Teleacope.— A telescope for observing a star or dis- 
tant object consists essent'iaUy of two \ewses, owe slw o\i\ecV- 
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glass, and the other an eye-piece. Thus, in Fig. 91, let A B 
be the distant object which we are viewitig, and o (he object- 
glass. This g-lass will ^ve an image of a b at its principal 
focus. Let ns call this image a b. We have now only to 
view the image a b through a ^mple microscope or eye-piece, 



just as if it were a real body, and we shall thus obtain a virtual 
and magnitied image A' 8' of the distant object. 

Thus the difference between the simple microscope and the 
telescope is, thai in the former we scrutinize by a magnifier 
the object itself, while in the latter we scrutinize the image of 
the object. 

l.RSSON XXXI. — DlSPERSKW OF LiCiHT BY THE PRISM. 
tt84. Compouid Hfttnre *( White MKht.— We have 

hitherto dealt with those properties which are common to all 
kinds of luminous rays, whether they be white or green or 
blue or red, but we now come to certain characteristics 
which enable us to diKtinguish between different kinds of 
Buhl. 

In the first place, it is necessary to know that those bodies 
with which we are most familiar give out light, which consists 
of a great many different kinds all blended together. There- 
fore, before we can thoroughly enamine the character of the 
''ght given out by any hot substance, we must devise some 
means of sifting or separating these various rays from one 
another, so as to know how many individual rays we have, 
and what is the inten^ty of each. 

We are all familiar with the magnificeiA d\s^\a.-J cS. c.Q"««.-ca 
exhibited by gems, when rays of Vighl a.re aWoweA WJ ^a!^ -i'^o^ 
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them iu a particular direction. On such oc^^asions they 
!(pa.rkle mth all the colours of the rainbow, and this very 
illusion bids us ask if the hues of the rainbow be not due to 
the same cause as the colours of gems. Does not the very 
name imply the presence in the sky of a multitude of minute 
spheres of water, such as would on the grass shine forth like 
Innumerable diamonds ? Are not all these displays due to the 
same cause ; and, if so, what is the cause? The discovery of it 
is due to Newton, who was the first to show that white light 
is in reality composed of a great many dilTerently coloured 
rays, and that these rays are, in their passage through 
transparent substances, in certain cases separated from each 

aas. AoaOjsla of Idffbt.— The prism gives us the means 




of separating the variously coloured constituents of n com- 
pound ray from one another. 

Suppose, for instance, that we have a narrow vertical slit 
in the shutter of a dark room, through which while sunlight 
is allowed to pass. Fig. 92 will represent a ground plan of 
this arrangement 1 while the prism employed is represented 
in elevation in Fig, 920. 

If we look towards 1 he slit S from E without a prism, we 
shall see It lit up in the usual manner ; In fact it will serve as 
an opening through which we may see the sun beyond. Let 
us now, however. Interpose a vertical glass prism between 
our eye and the slit. When we have done so, the slit will 
no longer be visible. If, however, we place our eye some- 
where above E (as regards the diagram), we shall now see 
the light from the silt. But it will not reach us in the shape 
u/' a luminous nIII ;im formerly, buV vjiW ii^pCM a.^ " broad 
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band or ribbon of light of many colours, beg-inning with 
red at the one end, and passing gradually and successively 
through orange, yellow, green, blue, and indigo to violet at 
the other extremity. 

286. DisperBion. — All this may be very easily explained. 
In the first place, we have already remarked (Art. 276) that 
rays of light are bent in their passage through the prism, so 
that the eye, which was formerly placed at E, must now 
be placed above it in order to see the slit. If all the rays 
were equally bent by the prism we should still see the 
slit as before, the only change being one of direction ; but 
the great importance of the experiment consists in the fact 
that all the rays are not equally bent as they pass through the 
prism, but rays of one colour are bent differently from those 
of another colour. This different bending of the various rays 
is termed their diaper Bion. 

If the ray be a red one, it will emerge from the prism bent 
to a certain extent ; if a yellow ray, it will be somewhat more 
bent ; if green, still more, and so on. 

If the light which streams through the slit be compounded 
of many-coloured rays, all the various compounds of this light 
may be viewed separately by means of the peculiar dispersive 
action of the prism which we have now described. 

If, however, the slit be wide, its position due to one ray 
will overlap that due to another ray, and the result will be a 
certain blending together of different rays, and consequent 
imperfection of the method as far as regards separation of 
the various constituents of the light of the slit. It is therefore 
of great importance in all such investigations to make use of 
a very narrow slit. 

It ought also to be borne in mind that the rays of light 
which have been separated to a certain extent by one prism 
will be still more separated by a second one, applied in a 
proper manner behind the first, and that we shall by this 
means obtain increased separation for each additional prism 
which we use. 

287. Spectroscope. — An instrument furnished with prisms 
for analysing rays of light is called a spectroscope, and the 
following plate gives a representation of a very powerful 
instrument of this description used by Ga.ss\o\.. 

The tube to the extreme left is caWed VVve colli»nator. ^X- 
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to the different colours of the spectrum of white Hgfht, and 
in the proper proportion, one being red, another orange, 
another yellow, a fourth blue, and so on. Now cause this 
disc to rotate very rapidly, and it will appear to the eye 
as white, the reason being that, owing- to the rotation, the 
various colours pass so rapidly before the eye that they are 
blended together, and the impression received is that due 
to their joint effect ; that is to say, the disc will appear white. 



Lesson XXXIL—Thermo-pile. 

289. Measurement of Heat of Spectrum. — Here it may 
be asked. How are we to compare together the intensity of light 
of different colours ? and the difficulty of this comparison is 
magnified if we reflect that there are some rays which are 
absolutely invisible to the eye, while their heating influence is 
nevertheless very powerful. Now, how are we to compare 
together the intensity of a ray of light and of a ray of dark 
heat ? In order to answer this question, let us suppose that 
the rays of light which we wish to compare are received upon 
a black screen, which absorbs or stops all kinds of radiant light 
and heat, and neither reflects back any rays nor allows any to 
pass through its substance. What becomes, then, of the 
energy of these rays, and into what is this converted ? We 
answer, that it is entirely transmuted into absorbed heat ; the 
rays, in fact, are wholly spent in heating the surface upon 
which they have fallen, and the amount of this heating effect 
is a true measure of the energy or intensity of these rays, 
whether they be visible or invisible, coloured or white. If 
this heating effect be very marked, we may measure it by 
means of a thermometer, using for the purpose the differential 
thermometer, already described (Art. 171). 

j|90. Thermo-electricity. — But it is desirable to have a 
much more delicate method of measuring heating effect than 
this. Now this desideratum is supplied by a principle which 
was first discovered by Seebeck. 

When a circuit composed of two different metals soldered 

together has one of its junctions heated, an electric current 

wW be produced. We ought likewise to state that a magne- 

tized needle will always, if free lo move, v^ceWseVL aX \\%Vv\. 
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angles to an electric current. Thus in Fig. 94, let B repre- 
sent a plate of bismuth, and c c c a plate of copper soldered 




M S A T 



Fig. 94. 

to the bismuth, while n s is a. magnetic needle delicately 
swung, and so placed as when at rest to lie along the circuit 
in the direction of its length. Now heat the junction by a 
spirit-lamp, and in virtue of the electric current which the heat- 
ing gives rise to, the marked or north pole of the needle will 
be pushed forward as in the fig^ure. 

1191. Use of Thermo-pile. — Now, since our present object 
is to obtain a very delicate in- 
strument wherewith to measure 
radiant heat, we must first of all 
obtain as strong a current as 
possible ; secondly, we must- 
render it as effective as possible 
in turning a magnetic needle ; 
and, thirdly, we must have an 
arrangement by which the small- 
est motion of the needle may be 
rendered visible. 

To obtain a strong current 
we solder together a number of 
pieces of antimony and bismuth, 
as in Fig. 95 ; and if the upper 
junctions of this arrangement 
be heated, we have the united effects o? iVve ^osv\J\Ne. c.>\xx«oX.^ 
nt all the hot junctions passing throu^VvtVve c\rc\i\V\w \>cv^ ^vc«^«-- 




FiG. 95. 
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lion of the arrow-heads. Thus vie have produced a thermo- 
battery or thermo-pile. 

But in order to utilize this current we must have a gaXva- 
nometer in the circuit. The best galvanometer for the purpose 
is that of Sir W, Thomson. In it we have, as in Fig. 96, a 
very small magnet attached to the back of a small circular 
flat mirror, magnet and mirror being delicately suspended by 
a very fine thread. This arrangement is surrounded by a 
number of circles of the wire which 

# conveys the current : in fact, the vrire 
of Fig. 95 may be supposed to be left 
loose, so as to be capable of being 
wrapped many times round the suspen- 
sion frame of the mirror and needle, 
taking care to insulate the various folds 
from each other. Now, if a current pass 
'"■ ^ through this coil it mil tend to make 

the needle tie at right angles to the plane of the coil ; but, on 
the other hand, the magnetic attraction of the earth will tend 
to prevent the needle moving ; there will thus be a strife 
between the force of the current and the attraction of the 
earth, and the result will be that the needle will only move 
a small distance before it will be stopped. 

The magnetic force of Ihe earth is, however, overcome by 
means of a large magnet M (Pig. 97), so placed as to counter- 
act the force of the earth upon the small needle m, and in con- 
sequence of this arrangement a very small current will cause 
the needle (o move through a very lai^e arc. Again, any 
small motion of the needle and mirror is very much magnified 
by the optical arrangement which is shown in the figure. 
Light reaches the mirror 111, which is placed in the centre of o, 
from a luminous slit s, and after pas^ng through a small lens 
in the g-alvanometer this light is reflected back from the 
mirror, so as to throw on a graduated screen an image (.r') of 
the luminous slit. Now it is evident that a very small change 
of angle in the mirror will throw the image upon quite a 
different part of the screen, and by this means we shall be 
able to detect the smallest change in the position of the 

By all these means the current is first of all made as strong 
as posiable ; next, the needle is removed aa coTO'e\e\e\'j as 
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possible out. of Iho directive influence of the earth';! mag- 
netism ! and, lastly, its motions are very greatly mag^nified. 

3BS. OODBtmctlom of Thermo-FUe. — Generally twenty- 
five bismuth and antimony junctions are used as the source of 
the current, forming a square surface of about a quarter of an 
inch each way. These junctions are blackened with lamp- 
black, so as toabsorb all kinds of rays, and upon the blackened 
junctions the radiant heat is allowed to fall ; and this arrange- 
ment is often provided with a cone polished in the inside, 
which catches a larger supply of rays, and reflects them in- 
wards to the sensitive surface. 

In Fig. 97 the sensitive pile is furnished on each surface 
with such a cone, and if a radiating body be placed before 




c the needle will be driven in one direction, but if before ^ 
it will be driven in the opposite dJrecUon. The reason of 
this is very obvious, for the current depends upon the one 
set of junctions being hotter than the other. If, therefore, 
the same source of heat be put at the same ti-ne before c and 
/, there will be no motion of the needle, since the two side^ 
of the pile will be equally healed ; in other words, the needle 
will be driven in one direction by means of a hot body placed 
before (, and in the opposite direction by roeams oS a'Ws'.'Wa*-"^ 
plact^ iMf/iire <■'. 
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1193. Comparison of Heating: Effects. — It will be seen 
from this how, by means of the pile, we can measure with 
g^eat delicacy and exactness the heating effect of a beam 
of radiant heat, whether luminous or non-luminous. Suppose, 
for instance, that when a source of radiant heat is placed before 
the pile, the luminous slit is made to move on the screen 
through twenty divisions of the scale ; suppose, again, that 
when a different source of heat is presented to the pile the 
index moves over forty divisions, then we should say that the 
heating effect of the second source was double that of the 
first ; in fine, the heating effect will be proportional to the 
number of divisions which the index travels over. 

1194. Thermal Effects of Spectrum. — By the joint aid of 
the spectroscope and the pile we can analyse a beam of any 
kind of light. Suppose, for instance, we have a narrow slit 
lit up by the sun's light. By means of a lens we should be 
able to throw an image of this luminous slit upon a screen ; 
but if we add a train of prisms we shall, instead of a single 
bright image, throw upon the screen a long band of variously 
coloured light, which is the solar spectrum, and by means of 
which we can tell what kinds of rays are present in the light 
which comes from the sun. 

If we now place a thermo-pile at the different parts of the 
spectrum, we shall be enabled by this means to estimate the 
heating effects of all the different rays, so that we shall know 
not only the different rays that go to make up sunlight, but 
the proportions in which these various rays are mixed to- 
gether. There is, however, one weak point in this arrange- 
ment, for we cannot be sure that our lenses and train of 
prisms do not absorb some rays more than others, so that 
after all we do not learn by means of the spectroscope and 
pile the true proportion in which the various rays appear in 
the light which we are examining, for we may suppose that 
some of the rays are altogether stopped by the lenses and 
prisms, while others are allowed to pass. 

It will therefore be convenient, before we proceed further, 
to find how various substances behave with respect to different 
kinds of rays. 

1195. Dark Heat. — Leslie was one of the first to make 

experiments on dark heat, and he showed that it possessed 

many of the properties of ligM. H\s soMtce ol VieaX. ^w^l-s a 
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cubic vessel containing hot water, and he found that the dark 
rays proceeding" from it were reflected by metals in a manner 
similar to light-giving rays, Melloni afterwards employed the 
therm o-pile, and by its means largely extended our knowledge 
of these invisible rays. He found that glass, water, alum, and 
very many of those substances which are transparent for 
luminous rays do not allow dark rays to pass ; and, on the 
other hand, he found that rock-salt is a substance which allows 
all kinds of rays to pass with nearly equal facility. It will, 
however, be seen further on that even rock-salt absorbs 
certain rays. 

Having found the transparency for heat rays, or diather- 
mancy, as this is termed, of rock-salt, he made a piece of this 
substance into a lens, and found that by this means the rays 
of dark heat, after passing through the lens, were brought to 
a focus after the manner of light rays, from which he concluded 
that dark heat is capable of refraction. 

The manner in which his experiment was performed is 
illustrated by the following figure, in which we see the rays. 
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Fig. 98. 



after passing through the rock-salt lens, brought to a focus 
at the sensitive pile ; an electric current is thus produced 
proportional to the amount of dark heat falling on the pile, 
and this current is read by means of a galvanometer. 

If the galvanometer be very sensitive, it will be similar to 
that in Fig. 97 ; but it is unnecessary here to repeat the details 
of the instrument. 

Forbes was the first to show that dark heat is capable of 
polarization in the same manner as light (see later articles), 
and the labours of other physicists have only served to extend 
and confirm the likeness between dark rays and luminous 
ones. It was also shown by Forbes that dark heat is some- 
what less refrangible than light. 
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If, therefore, we have a spectrum^ in which the violet and 
blue rays lie to the right, and the red rays to the left, dark 
rays will be found beyond the red to the extreme left. 

296. Use of Rock-salt. — We have thus briefly attempted to 
show that dark heat possesses all the physical properties of 
light except that it is somewhat less refrangible than light, 
and is hardly able to pass through glass or water, or the great 
majority of transparent substances, rock-.salt being an excep- 
tion. 

Now it is evident from what has been said that if we wish 
to study the spectrum of a heated body we must employ 
lenses and prisms of rock-salt, because otherwise a large 
amount of dark heat will be absorbed. 

Supposing, now, that we have a heated strip of coal or 
carbon of which we wish to obtain the spectrum. By means 
of a rock-salt lens and prisms we may throw upon a screen 
the true spectrum of the rays which issue from this carbon, 
and they will form (Art. 285) a long ribbon composed of rays 
of different refrangibilities, the ray of one refrangibility being 
separated from that of another refrangibility. 

Now in order to find how much heat we have of some 
particular refrangibility, let us take our thermo-pile, and, 
narrowing its sensitive part sufficiently, place it at the various 
parts of this spectrum, and then read on the galvanometer 
the heating effect experienced by the pile ; we shall thus 
know, not only what kinds of rays are given out by the heated 
strip of carbon, but how much heat there is of these various 
kinds : in fact, we shall know all about the light and heat 
which the carbon gives out. 

1197. The Light Spectrum. — Let us begin by heating our 
strip of carbon to a heat below redness : the spectrum will 
then entirely consist of dark rays wholly to the left of the 
visible spectrum. 

As the temperature rises, the spectrum of the carbon 
gradually extends itself towards the red, so that at last, when 
a low red heat is reached, we have a few red rays along with 
a much greater number of invisible rays. 

As the temperature still continues to rise, in addition to the 

1 The frontispiece engraving, giving the spectrum of the sun, stars, and nebulae, 
is due to the kindness of Mr. J. N. Lockyer. It will be observed that in it the 
red rays are towards the right, while the chemical rays are towards the left, their 
pofiitions heinff the reverse of what we have supposed l\\em to \>e \tv tVvt text. 
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red rays a few oraiigre and yellow rays are ^veii out, until, 
when a glowing heat is reached, we have, in addition to the 
dark rays, most of the colours of the solar spectrum : indeed, 
tlie spectrum of the electric light is very similar to that of 
the sun. But at a very high temperature not only do the rays. 
enter the visible spectrum from the left, but they shoot, as 
it were, beyond it to the right, a few rays being given out of 
great refrangibllity, lying to the extreme right of the visible 
spectrum. These rays are equally invisible to the eye with 
those heat rays that lie to the left, but they are very different 
in other respects. They are called chemical or •etlale rays, 
and have the power of decomposing chloride of wlver; in fact, 
they are the rays that are of service in photography. There- 
fore, if we were to receive the spectrum of (he sun or of 
the electric light upon a photographic plate, we should Sad 




that the greatest blackening effect would lie towards the right 
of the visible spectrum, while there would be none at all for 
the rays of dark heat towards the left. The properties of these 
actinic rays and their distribution by the sun over the earth 
have been extensively investigated by Bunsen and Roscoe. 

S08. The HeM Spectnun.^Thus at a, low temperature 
we have from a black body, such as a strip of carbon, a 
number of rays of dark heal, but no luminous or actinic rays. 
As the temperature rises, we have along with a preponderance 
of dark rays a few luminous ones of the less refrangible sort, 
such as the red. As the temperature still continues to rise 
we have, in addition to the dark rays, a similar proportion 
of the various rays of the visible spectrum, and a still smaller 
proportion of the chemical invi^ble ra>js •hI«.c."r Vit \ja ft«. ti^!&- 

In Fig. 99 we have a represent,W\on oS -Ctus wwJ^ -ivsM* 
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spectrum, showing the comparative luminosity at different 
parts, while in Fig'. lOO we have the same spectrum as given 
by a rock-salt prism, showing the heating effect of the various 
rays. We see from this that while there is most luminous 
effect, as far as Ike eye is coiuerned, about the yellow, yet there 
is greatest healing effect or true energy of radiation beyond 
the visible spectrum to the left, while the chemical rays 
represent in intensity but a. very small fraction of the whole 
effect. 

In fact, the eye is a very partial judge of the energy repre- 
sented by a ray, for it Is necessary that the rays of which it 




judges should be able t 
questionable whether son 
are able to pierce the eye at all. 

a90. BpectrK of Solids and Uqnld a. -—Another noteworthy 
point is, that tke speanim of carbon is a conlinumis one. Thus 
we get, at a sufficiently high temperature, a continuous band 
of lig-ht — that is to say, the spectrum does not stop short 
and commence again, but goes on without interruption ; and 
in this respect carbon is a representative of liquid and solid 
bodies of which the spectra are generally continuous, like 
that of carbon. 

SOO. Spectra of Oaaaa.— The spectra of gases are very 
different from those of solid bodies, for they are discontinuous, 
consisting of one or more bright lines on a dark ground. 

Thus the spectrum of ignited sodium va^out *,Bee ^toyAis- 
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piece) consists of two bright yellow rays very near one 
another in spectral position, forming what is called the 
double line D. In like manner the spectrum of thallium con- 
sists almost entirely of one intensely green line. The light 
from burning sodium is as nearly as possible mono-chro- 
matic, and all things seen by its light are either black or 
yellow, for a coloured body will not appear in its true colour 
unless those colours are present in the light by which it is 
viewed. 

It forms a striking proof of this to put a little bit of metallic 
sodium into an iron spoon, and heat it over a spirit flame in a 
dark room, when it will soon take fire and bum, and every- 
thing in the room will appear either black or of a ghastly 
yellow colour. 

We are enabled by means of electricity to obtain even the 
most refractory substances in a state of vapour : thus, for in- 
stance, when the electric spark passes from iron to the air, 
the flash seen consists of a few particles of highly heated iron 
vapour ; and the same holds for other metals. Now we can 
analyse these sparks by means of the spectroscope, and thus 
tell the nature of the light which they emit, and we find that 
they all give a discontinuous spectrum. 

In like manner the spectra of the elementary gases are dis- 
continuous, from which we see that bodies in a state of vapour 
are very different from solids and liquids, as respects the light 
which they give out. 

Lesson XXXIII. — Radiation and Absorption. 

301. Good and Bad Radiators. — We have hitherto chiefly 
confined our remarks to the radiation of carbon at different 
temperatures ; and taking that substance as the type of solids, 
and comparing its radiation with that from incandescent gases, 
we have found a very gfreat and striking difference between 
the two classes of spectra, that of carbon being continuous, 
while those of gases are discontinuous. We shall now en- 
deavour to connect the radiative properties of bodies with 
their absorptive properties. 

Let us begin with the temperature of boiling water, or 100'* 
C. Let us now, therefore, suppose iVvaX. ^^ \vaN^ -a. \^cc%e. 
thermometer at this temperature Vvutvg u^m ^TQQvcvV'a.Nvcv'?,'^^ 
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temperature of melting" ice. The thermometer will lose heat 
in two ways — by convection on account of the air which sur- 
rounds it, and which is continually carried off and renewed, 
and also by radiatiott. But in order to confine our thougfhts to 
the latter process, let us suppose that the chamber is a vacuum. 
Now, in the first place, let the outside of the glass bulb of the 
thermometer be coated with a thin coating of polished silver, 
and let us ascertain how much heat it radiates in one minute. 
Next let the bulb be coated with lamp-black, the same experi- 
ment being repeated — that is to say, the thermometer at ioo° 
C. being allowed to cool for one minute in a vacuum chamber 
of o". It will be found that the bulb now radiates in a minute 
very much more heat than it did when coated with silver. 
Next, let the glass bulb be left uncovered, and the thermo- 
meter will still be found to radiate almost as much as when 
the bulb was covered with lamp-black. Finally, let it be 
covered with white paper, and its radiation will still be found 
to be almost equally great. 

We are thus entitled to say that at ioo° C. a blackened 
surface or one of glass or white paper radiates much more 
than a surface of* polished silver, and we may thus construct 
a table of the comparative radiating powers of bodies heated 
to ioo° C, at the top of which we may put a lamp-black sur- 
face, a surface of glass, and one of white paper, and much 
lower down one of silver, which is a very bad radiator. Our 
table of radiating substances for heat of low temperature will 
therefore stand thus : — 

Lamp-black surface. 
Good radiators ... \ Glass ,, 

White paper 



Bad radiator .... Polished silver 



J J 



>> 



302. Good and Bad Absorbents. — Suppose now that the 
thermometer is at o°, and is carried into a vacuum chamber 
of the temperature of loo", this being the reverse of the 
previous process ; in the first place let the bulb, as before, be 
coated on the outside with a coating of silver ; it will absorb a 
certain quantity of heat in one minute ; observe how much. 
Next, blacken the bulb with lamp-black, repeat the experi- 
mentf and measure the absorption wVucVv \.a.V.es ^\acces \t\ otv^ 
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minute as before ; the absorbing power of the tnermometer 
will now be considerably increased. Again, if the coating be 
entirely removed, and nothing left above the glass bulb, it will 
be found that the absorbing power of the glass bulb is almost 
as great as that of the blackened bulb, and the same result 
will be obtained if the bulb be covered with white paper. We 
may thus construct a table of the comparative absorbing 
powers of various bodies of heat of 100°, at the head of which 
we may place a lamp-black surface, a surface of glass, and 
one of white paper, and much further down one of polished 
silver. 

Our table of bodies which absorb heat of 100° will therefore 
stand thus : — 

• f Lamp-black surface. 
Good absorbents . . -I Glass ,, 

I White paper ,, 
Bad absorbent . . . Polished silver ,, 

303. Relation between Radiators and Absorbents. — If 

these two tables, the one of radiators and the other of absorb- 
ents, be now compared together, they will be found to be 
identical ; so that the blackened thermometer at 100° will, in 
the first case, cool much more rapidly than the silvered one 
when transferred to the chamber at o'', on account of its 
superior radiation, and will also, in the second case, starting 
from 0°, become heated much more rapidly than the silvered 
one when transferred to a chamber of 100". In fine, gvod 
radiators are also good absorbents ; bad radiators, bad absorbents. 
It is worthy of remark, before proceeding further, that sur- 
faces behave very differently in their absorbing power for 
different rays. White paper and glass, as we have seen, 
are both very strong absorbents of low temperature heat, 
while both of them are manifestly non-absorbents of luminous 
rays. 

Extending these considerations to visible rays proceeding 
from bodies of high temperature, they furnish us with some 
very interesting and instructive experiments, which will now 
be described. 

Experiment I. — Take a porcelain pVaVe o^ \i\a.Os. ^-^^ v^\\>^& 
pattern (the black of the pattern vj\\\ o^ cowt^fc \ie ^ -sVxwv^ 
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absorbent of luminous rays, while the white will be a less 
poweiful absorbent). Heat it lo a ^ood red or white heat 
in the fire, and when so heated take it out and rapidly carry 
it to a dark place ; the black will appear much more brilliant 
than the white, presenting' a very curious reversal of the 
pattern (see Fig. looa). 

Experiment II. — Take a piece of polished platinum foil 
and make an ink-mark upon it. Bring this foil to a red 
heat with the l!ame of a Bunsen's burner in a dark room, and 
the ink-mark will shine out much more brightly than the 
polished platinum. 

Experiineni III. — Make a white mark on a black poker 
with a iriece of chalk ; when heated to a good red heat. 




examine it in the dark, and the chalk will shine out less 
brightly than the rest of the poker. 

These experiments mlg'ht be multiplied indefinitely, all 
tending to show that bodies which when cold are good, 
absorbents are, when hot, good radiators ; and the observa- 
tion may be extended to plates of various thicknesses as 
well as to mere surfaces. Thus a polished plate of rock- 
salt absorbs very little heat of low temperature (Art. 295), 
and when heated to 100° C. it is found also to give out very 
little heat. In like manner a piece of transparent colourless 
glass which absorbs very little light wl!, when heated in 
the lire and quickly examined in the dark, be found to give 
out very little light ; while, on the other hand, a piece of 
opaque glass treated in the same way will give out a great 
deal of light 
In like manner a film or stratum o( au \a vie^ V.ncnn\ \ci 
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absorb little lig"ht or heat of any kind, and so when heated it 
hardly g-ives out any. 

We may now generalize our conclusions by the statement, 
that opaque and non-reflecting solid or liquid particles are at once 
good radiators and good absorbents for most kinds of rays ; while, on 
the other hand, polished metallic surfaces^ and more especially films 
of gas, such as air, absorb and radiate very little either of light or 
heat. 

304. Influence of Rind of Rays. — It has been mentioned 
incidentally that surfaces or plates do not behave in the same 
manner with regard to different kinds of rays ; let us now 
dwell at greater lengfth on this point, for it is perhaps the most 
important of the whole subject. White paper, it was seen 
was a strong absorbent for heat of low temperature, while it is 
evidently not so for luminous rays, for the very reason that it 
appears white. 

In like manner the uncovered glass of the bulb of a ther- 
mometer was found to be a strong absorbent for low tempera- 
ture heat, but it is evidently not so for luminous rays. To 
prove this, we have only to hold a thermometer in the. sun, 
and we shall be dazzled with the light reflected from its bright 
mercurial surface, which only reaches the eye after it has 
twice passed through the glass. 

Even within the limits of the visible spectrum we have, as a 
common occurrence, substances which absorb certain rays and 
allow others to pass. For what is it that makes the leaves of 
plants appear green ? Is it not that they absorb all the 
various constituents of sunlight except the green, which they 
allow to be reflected ? Finally we may state that : All coloured 
substances are substances which behave in a partial manner 
with respect to the visible rays, and if we had no such partial 
absorption we should be deprived of one great source of beauty 
in nature. 

Coloured glasses afford a very familiar illustration of this 
selective or partial absorption. A green glass absorbs all, or 
nearly all, the red rays which fall upon it, allowing the green 
to pass ; on the other hand, a red glass absorbs nearly all the 
green, and allows the red to pass. Thus we see that surfaces 
or plates which behave in one way with respect to dark rays, 
may behave differently with regard to V>\mvcvo>3L"s otiasN ^m^z^^ 
further, a suhstsince that behaves in one vja.^ 'wv>i>tv x^^^x^ vo 1 
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^luminous ray of one colour, may behave in a different way 
with regard to a luminous ray of another colour. We have 
stated generally that good radiators are good absorbents ; but 
in view of the fact that bodies select or choose the rays which 
they absorb, this statement must be extended, and we now 
assert that bodies when cold absorb the same kind of rays that they 
give out when heated. It will be desirable now to give some 
experimental proofs of this. 

305. Experiments at Different Temperatures. — Experi- 
ment I. — Rock-salt when heated to loo** gives out that peculiar 
kind of heat which is greedily absorbed by a cold plate of 
rock-salt. To prove this, heat a thin plate of rock-salt to loo** 
and allow the heat from it to fall upon an appropriate instru- 
ment for measuring such heat, but only after it has passed 
through a cold plate of the same material ; now this cold plate 
will be found to have stopped at least three-quarters of the 
heat which falls upon it, while it will only stop a very small 
percentage of any other kind of heat. 

Experiment II. — Red glass stops the green rays. Now heat 
a piece of ruby-coloured glass to a white heat in the fire ; if 
examined in the dark it will be found to give out a greenish 
light, being the same sort of light that it absorbs. Next heat 
a piece of green or blue glass, which absorbs red rays, and its 
light, when viewed in the dark, will be found to be particularly 
red, being, as before, the kind of light which it absorbs 
when cold. 

Experiment III. — Make a spectrum of the electric light 
after the method already described, and hold burning sodium 
between the electric lamp and the slit ; it will be found to pro- 
duce a comparatively dark band in the spectrum. Next stop 
the electric discharge while the sodium is still burning ; the 
same band will now appear luminous ; that is to say, the 
sodium which, being comparatively cold when compared to 
the temperature of the electric light, stops one of its rays, 
gfives out when heated this very ray on its own account. All 
these experiments tend to show, as a matter of fact, that 
bodies when cold, or comparatively so, absorb the same rays 
which they give out when heated. 

306. Experiments ^eith a Heated Chamber. — Our readers 
must now permit us to transport them in imagination to a white- 

bot chamber, kept uniformly at tVvis lercv^^Yalwt^ •, such^ for 
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instance, as one of those chambers in which glass vessels are 
annealed. We will suppose it to be shut in closely with walls 
on all sides, with the exception of a small opening through 
which we can either introduce anything into the chamber, or 
if we choose, see what is going on inside. 

Let us introduce polished platinum marked with ink, or 
coal, or black and white porcelain, or red glass, or green 
glass, or transparent glass, or black glass. When left suffi- 
ciently long, until they have acquired the temperature of the 
walls of the chamber, if we look in through the small hole, 
we shall see no apparent difference between the light coming 
from these various substances and that from the walls of the 
chamber ; in fact, everything will appear to be of the same 
uniform white heat. If, however, we hastily withdraw these 
various substances, and without allowing them time to cool, 
examine- them in the dark, we shall find, as already men- 
tioned, a great variety in the appearances which they present ; 
the colourless glass and the polished platinum will give out 
very little light, the coal and the black of the porcelain a great 
deal. 

These two facts may be reconciled with one another in the 
following manner. Let us take the transparent glass ; this 
gives out very little light on its own account, but on the other 
hand, it stops very little of that which reaches the eye from 
the white-hot wall behind it, being eminently transparent for 
such light. If we suppose that the rays from the wall are 
as much recruited by the light given out by the glass on its 
own account, as they are absorbed by its substance, then we 
shall have an explanation of the fact that the combined radia- 
tion of the glass and the wall is no greater than that of the 
wall itself had there been no glass there. The polished 
platinum, in like manner, gives out little light on its own 
account, but when in the white-hot chamber it reflects copi- 
ously the light which reaches it from the walls, so that, to an 
observer viewing it through the small opening, it will have so 
completely supplemented its deficient radiation by its great 
reflection, that altogether it will appear equally bright with 
the wall itself. 

Applying this explanation to the various substances which 
we have introduced into the white-hot chambet, v^e^ ^^^ -aJ^ 
ionce whj^ ihey cause no change \n iVve \v\Xev\s\\73 o*^ ^>c^'^ ^v^"^ 
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that reaches the eye placed at the opening" ; for althougfh, no 
doubt, it is only in the case of the black substance, such as 
coal or black porcelain, that all the light comes from the sub- 
stance itself : yet, in the other case, what the substance wants 
in radiating power it makes up by allowing to pass either 
through its substance, as in the case of transparent glass, or 
from its surface, as in the case of polished platinum and white 
porcelain, what is deficient in its own radiation. 

307. Experiments with Coloured Glasses. — But let us now 
further consider for a moment the red and green glass which 
we have introduced into this chamber. As we view them from 
the opening we are at a loss to distinguish which is the red 
and which is the green, they have so absolutely and entirely 
lost their colour. Nor have we far to seek for an explanation 

' of this. The red glass absorbs the whitish or greenish rays 
from the heated chamber behind it, but in return it gives out 
on its own account an equal amount of rays, and these of pre- 
cisely the same kind as it has absorbed, so that the light from 
the wall behind, in passing through the glass, is just as much 
recruited as it is absorbed, and this equality holds for every in- 
dividual kind of ray which goes to compose this light, and thus 
it happens that the combined radiation of the wall and the red 
glass is precisely both the same in quantity and in quality as if 
there were no glass. 

The same principles apply to the green glass. It absorbs 
the reddish rays from the wall, but it gives out an equivalent 
both in quality and quantity for the rays which it absorbs, so 
that the absorption is virtually cancelled, and the combined 
result of wall and green glass is, as before, the same as if 
there were no .glass. 

308. Conclusions Deduced. — We thus see that all sub- 
stances of all kinds, when placed in a room of uniform tempera- 
ture and allowed to remain until they have attained the 
temperature of the enclosure, will absorb just as much as they 
g'ive out ; and that this equality between absorption and 
radiation will hold good for every individual ray of which the 
heterogeneous radiation of the heated walls is composed. 
(By individual rays, we mean the various rays into which the) 
whole radiation may be split up by means of the spectroscope. 
AJJ that we have now said has been built upon the hypothesis 

that the substances are in an enclosure, \eX. us saL>j ^ ^N^\\\.feJ^.Q.^. 
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one, of the same temperature as themselves, and if we cannot 
easily command such a field of white heat, yet the centre of a 
g^ood fire is a very near approximation ; and if we introduce 
into such a fire a number of pieces of variously coloured glass, 
and exclude from the room all sunlig^ht or gaslight, we shall 
find their colour vanish when once they have reached the 
temperature of the fire. 

Again, it ought to be borne in mind that such bodies as glass 
lose their characteristic radiating peculiarities only when they 
remain in such an enclosure, for when taken out of it and 
viewed in the dark, they resume those peculiarities ; thus the 
colourless glass gives out very little light, the coal and black 
porcelain a great deal. Indeed, it is only the light from a 
black body that represents by itself the brightness of the 
enclosure, and such a body, when taken out and hastily ex- 
amined in the dark, without allowing it time to cool will be 
found to give out rays having a brightness in all respects 
the same as that of the enclosure in which it was placed, 
because, being opaque and non-reflective, all the light which 
it gave out in the enclosure was proper to itself, none having 
passed through its substance or been reflected from its sur- 
face ; it therefore retains this light when taken into the dark, 
provided its temperature is not in the meantime allowed to 
fall. 

309. Applications of Principle. — Thus we have arrived at 
the conclusion that the heat from a heated black body repre- 
sents truly the whole heat due to the temperature of that body, 
so that were we to heat a piece of coal or black porcelain to 
the temperature say of 2,000**, we should obtain from it the 
maximum amount of heat and light which any substance at that 
temperature could possibly give out ; and not only so, but if 
we separate from each other by means of a spectroscope the 
individual rays given out by a black body, any one of these 
individual rays will represent in intensity the greatest possible 
amount of light of this description that can be given out by a 
body at 2,000°. 

Viewing, therefore a black body as the standard or typical 
radiator, we derive through its means a very simple method of 
knowing whether or not one body is hotter or colder than 
another. Taking a white-hot black bod^ , swc\\ ^s \>cve; co^'vcv 
afire, let us place between it and tVve eyes 3l AiM^mw^^ '^v-^v % 
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now if the combined rays from the coal and the lig'ht are more 
intense than the adjacent light from the coal alone, we may be 
certain that the lig'ht is of a higher temperature than the coal — 
if less intense, then we may be sure that the light is of a lower 
temperature than the coal. 

We shall improve the accuracy of our determination by 
employing a spectroscope, in order to analyse the rays from 
the coal. If we put before the slit of our spectroscope the 
flame in question, and if in consequence any part of that broad 
band of variously coloured light which denotes the spectrum 
of the fire be increased in brilliancy by the fiame, then we may 
be sure that the flame is hotter than the fire ; and if any por- 
tion of this broad band be diminished in brilliancy, then we 
may be sure that the flame is colder than the fire. 

Suppose, for instance, that we wished to compare together 
the temperature of the fire and that of some incandescent 
sodium vapour. We should, in such a case, place the in- 
candescent sodium vapour between the fire and the slit of our 
spectroscope. If the sodium vapour were of a higher tempera- 
ture than the fire, we should see the double line D (Art. 305) 
brighter than the rest in the midst of a spectrum otherwise 
continuous, but if it were of a lower temperature, as, for in- 
stance, if the sodium vapour were slightly heated in a sealed 
tube, we should see the double line D darker than the rest in 
the midst of the continuous spectrum. 

310. Spectrum Analysis. — Suppose now that we were pre- 
viously ignorant of the chemical nature of the substance wliich 
we had placed before the fire, we should at once recognise 
what it was by the position of these dark lines. Were it 
sodium, we should have two dark lines corresponding in 
position to the double line D ; were it hydrogen, we should 
have its own appropriate dark lines ; and we should find that 
the lines due to one gas always differ in position from those 
due to another. Kirchhoff, a distinguished German philoso- 
pher, has applied these principles with great success in 
determining the substances which exist in the sun and stars, 
and he has been followed in this country by Huggins and 
Lockyer. 

311. Application to Heavenly Bodies. — If we throw upon 
the silt of our spectroscope an image of iKe sut\ or of one of the 

stars, with the view of obtaimng \ts specUwtu, v^e^ ^xvd ANax^^ 
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number of black or dark lines in a spectrum otherwise con- 
tinuous, and we argue from this that in the sun or stars we start 
with a solid or liquid substance, or at any rate with some sub- 
stance which gives us a continuous spectrum, and that between 
this and the eye we have, forming a solar or stellar atmo- 
sphere, a layer of gases or vapours of a comparatively low 
temperature, each of which produces its appropriate spectral 
lines, only dark on account of the temperature of the vapours 
being lower than that of the substance which gives the con- 
tinuous spectrum. It thus becomes a point of g^eat interest to 
know whether these black lines correspond in position with 
the bright spectral lines given out by known terrestrial sub- 
stances in the state of vapour. 

On inquiry we find that they do so, and that we have pre- 
sent in the sun in the state of vapour the following substances 
amongst others : sodium, iron, nickel, calcium, magnesium, 
barium, copper, zinc ; while in Aldebaran, Huggins and 
Miller have detected the presence of sodium, magnesium, 
hydrogen, calcium, iron, bismuth, lithium, antimony, and 
mercury, and other elements in other stars. 

312. Absorption of Gases for Dark Heat. — We have seen 
how absorption may become the means of our detecting the 
nature of the substances which exist in the sun and stars, and 
we can only now allude very briefly to other phenomena con- 
nected with this subject. 

Tyndall has investigated the absorption of various gases for 
dark heat, and has derived from his experiments the following 
results : - 

Table 38. -Comparative Absorption of various Gases. 
Each of the pressure of one inch. 

Air I Carbonic oxide . . . 750 

Oxygen i Nitric oxide .... 1590 

Nitrogen i Nitrous oxide . . . i860 

Hydrogen i Sulphide of hydrogen 2100 

Chlorine 60 Ammonia 7260 

Bromine 160 Olefiant gas .... 7950 

Hydrobromic acid . . 1005 Sulphurous acid . . 8800 

From this we may conclude that the absortptvow. ^^ NJsvfe. 

elementary g-ases for dark heat is \ess iVvatv. \>5Ya.\. c^. ^^cvr. c^qtccv- 

pound gases, and we might thereCore expecV \>mX >^«. ;a^c»ar^ 
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tion of the atmospheric air for heat of any kind should be very 
small. Nevertheless this conclusion would not be correct ; 
for Tyndall has shown that the aqueous vapour which is always 
present in the atmosphere absorbs a very large amount of 
dark heat, while it allows the rays of the sun to pass with 
scarcely any diminution. 

313. Effect of Earth's Atmosphere. — The result is, that we 
have nearly the full effect of the sun's rays in heating" the 
earth, but once the earth has been heated this terrestrial heat 
cannot easily pass out through the aqueous vapour of the 
atmosphere into emtpy space, but as it consists of dark rays 
it is stopped thereby ; thus the aqueous vapour acts like a trap 
in allowing the sun's rays to pass in and heat the earth, while 
it prevents the heat of the earth from passing outwards into 
space. The earth's surface is by this means kept much hotter 
than it would otherwise be. 

SIA. Theory of Deinr. — The laws of radiation explain the 
deposition of dew. In a clear still night the leaves of plants, 
which are good radiators, give out a great deal of their heat 
into the upper regions of the atmosphere and into space, and 
become thereby colder, cooling also the particles of air in 
contact with them. These particles at last reach a tempera- 
ture at which they can no longer retain their aqueous vapour, 
but must deposit it on the leaves ; and this is the origin of 
dew. Dew is not deposited in a cloudy night, because the 
leaves get back from the clouds nearly as much heat as they 
give out ; in fine, it is necessary for the deposition of dew that 
there should be a free outlook into space, so that the cooling 
process of radiation should go on without compensation and 
without interruption. 

315. Phosphorescence and Fluorescence. — If we take a 
tube containing powdered sulphide of calcium, or sulphide 
of strontium, expose it to the sun's rays, and afterwards view 
it in the dark, it will be found to emit light for several hours. 
The luminosity is probably due to some modification in the 
molecular state of the body which is caused by the sun's 
rays. The same thing may be observed in many diamonds, 
in fluor spar, arragonite, chalk, heavy spar, and other mine- 
rals, the luminosity in some cases lasting a long time, but in 
other cases disappearing in a few seconds : this exhibition of 
light is called phosphorescence. 
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A similar phenomenon happens in certain liquids. Thus if 
the sun's rays be allowed to strike on a solution of quinine, 
which is really a colourless transparent liquid, we find that 
it exhibits a beautiful blue colour, which disappears, however, 
when the light is withdrawn : this phenomenon has been 
called fluorescence. 

Stokes has successfully explained these two phenomena. 
It appears that when certain rays of light fall upon phosphor- 
escent or fluorescent substances, a change is caused, and the 
rays are transformed into others, nearly always of lower re- 
f rangibility . It also appears that this is more particularly the case 
with chemical rays, or those rays of great refrangibility beyond 
the visible spectrum, so that when such rays fall upon a solu- 
tion of quinine they are lowered into blue rays, and they thus 
become visible. 

Here, then, we have a means of rendering visible those 
rays of the solar spectrum beyond the violet, for we have only 
to throw the spectrum upon a screen washed with a solution 
of sulphate of quinine, and the screen will be rendered fluor- 
escent, and shine out with a blue lustre far beyond the violet 
or visible extremity of the spectrum. a 

The only difference between phosphorescence and fluor- 
escence is one of duration ; in the former the effect continues 
for some time, while in the latter it vanishes as soon as the 
exciting source of light is withdrawn. 

Lesson XXXIV.— On the Nature of Radiant Energy. 

316. Theories Regardins the Nature of Light. — All are 

agreed that a ray of light is a species of energy, that is to 
say, it represents a motion of some kind ; but until recently 
there have been two different theories regarding the nature of 
that motion which constitutes light. 

Newton led the way in supposing that light consists of ex- 
ceedingly small particles projected from a luminous body with 
enormous velocity, while Huyghens supposed it to consist in 
undulations of an exceedingly rare medium pervading space, 
and called ether or the ethereal medium. 

The explanation of the various phenomena given by the 
last, or undulatory theory, is very tivucVv >ae,\X,e.T ^^vv S>KaX- 
afforded by the iVewtonian theory of em\ss\otv, ^o \>Ka.\. ^x:a.^>^- 
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ally this theory has become obsolete. It has, ho"wever, been 
very difficult to devise experiments which mig'ht serve as a 
crucial test between the rival hypotheses. Such a test has at 
length been found. 

According to the theory of emissions, the velocity of light 
ought to be greater in water than in vacuo, while according 
to the theory of undulations it ought to be less. No>v Foucault, 
who determined the velocity of light by means of a revolving 
mirror, determined also that its velocity is less in crater than 
in vacuo. The verdict of this experiment is thus in favour of 
the undulatory theory. 

317. Analogy betxireen Light and Soiind. — There is a 
very striking analogy between light and sound that tends 
in the same direction. Thus we find that a body Mrhen cold 
absorbs or stops the same ray that it \^\ves out when hot (Art. 

304)- 

We also see (Art. 160) that a string when at rest absorbs or 

stops the same note that it gives out when struck, and the 

analogy is so striking between this behaviour of bodies for 

sound and light, that we are tempted to believe that light 

must be a motion similar to sound, that is to say, undulator}', 

and consisting of various wave-lengths. 

318. Relation between Colour and Wave-Zaensth.— 
Assuming, therefore, that light consists of undulations, how 
can we distinguish between rays of various wave-lengths? 
We have seen how in sound a difference of wave-length 
is perceived by the ear ; now, in light, how is a difference 
of wave-length perceived by the eye? We reply, that 
colour is for light what pitch is for sounds and we have evi- 
dence that the wave-length corresponding to the red of the 
spectrum is considerably greater than that of the blue or 
violet ; thus a red ray corresponds to a low note, and a blue 
or violet ray to an acute one. In fact, the separation accom- 
plished by the spectroscope is in reality the splitting up of 
a compound beam of light into its constituent wave-lengths. 

319. Wave-ftront. — Let us now take those well-known 
phenomena of light, reflection and refraction, and show how 
they can be explained by the undulatory hypothesis ; but 
first let us define a little more fully than we have already done 
what is meant by the front of a wave. 

Often at the seaside, where there \s a\otv^ ^\tv^oto^K.^w^o«M^^^ 
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we see a wave crest approaching us parallel with the shore. 
This crest may extend for a considerable distance, and one 
part of it has the same appearance as another : that is to say, 
throughout the whole length of this crest the particles have 
been thrown by the agitation into the same sort of figure 
at the same moment ; they are all, in fact, similarly affected 
as regards the wave motion. 

Such particles form the front of a wave. Generalizing, 
we may say that the front of a wave consists of all those 
particles that are in the same phase (Art. 136) or position at 
the same time ; thus the various fronts of the surface waves 
produced by dropping a stone into the water will consist of 
circles, while the various fronts of the sound waves proceed- 
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ing from an explosion in mid-air will consist of spherical 
surfaces. 

In general the wave proceeds in a direction perpendicular 
to its front. 

320. Explanation of Reflection. — Now, by the help of 
this conception we may easily explain the leading phenomena 
of reflection and refraction by means of the undulatory theory. 

Thus let a set of parallel rays (Fig. 10 1), of which a b c 
represent a front, impinge upon the surface M M, and let us 
consider the state of things at the moment when the disturb- 
ance at c has reached the surface at d. The ray at a has 
some time since reached the surface and has been reflected 
in the direction afy and in like manner the ray at b' has been 
reflected in the direction b' e^ so that/^ d is the front of the 
reflected wave. Now, had there been no reflecting surface 
the front ab c would in a given time have advanced throii^gjx 
a certain space, keeping parallel to \lse\^, e^Q>cv ^va\.>a.^^^ 
point moving- onwards at a uniform raVe ; >auX. ^"& ^^^ft^«^ \'* ''^ 
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reflecting surface, its front cannot retain its parallelism ; 
nevertheless the reflected front will take up such a position 
that the disturbed points at a, b^ and c will have travelled 
equal distances in order to form themselves into the new 
positions, /, ^, and d. That is to say a fj or the journey of 
tf, will be equal to b b' ■\- b' e, or the journey of by and to c d^ 
or the journey of c. 

But since a f =■ c d, and since the ang-les at c and f are 
right angles, the fronts being perpendicular to the rays, it 
is evident that the two triangles a c d and a fd are equal in 
all respects, and hence the angle c d a = angle y a d, from 
which we see at once that the angle of reflection is equal to 
that of incidence. 

In fact, we may compare the advancing front a b c to a. 
line of soldiers marching at right angles to their front in the 




Fig. I02. 

direction b b\ At M M they meet with an oblique obstacle 
which they cannot surmount ; but nevertheless each man 
continues to march with the same velocity as before, but in 
such a direction as to fall into rank without stoppage, pre- 
senting a new front f e dy after which the march goes 
on as before in the direction b' Cy perpendicular to the 
front. 

321. Explanation of Refraction. — So much for the reflec- 
ted ray. In the case of refraction we have slightly to modify 
our conception. Here* the line of soldiers may be supposed 
able to penetrate the surface, but only with a diminished 
velocity of march. They have, as it were, got into heavy 
grround. Thus in Fig. 102, \e\. a 6 be VVie aANA\\c\\\^ lTva^\^ 
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and M M the boundary of the new ground. It is evident that 
b is behind a in reaching" the new ground by a distance b b\ 
Now a, when reaching the new ground, marches through it 
in some direction a Cy with let us say only half the previous 
velocity, and hence when b has reached the new ground at b\ 
a will have marched over a space ac^ equal to J bb' ; b' c will in 
fact represent the new front into which the line will have 
formed themselves, if we suppose them, after having entered 
the heavy ground, to march with only half their previous 
velocity, and in such a direction as to fall into rank without 
stoppage, and they will now continue their march in a direc- 
tion a c, at right angles to the front b' c. 

Hence the construction is obvious \ abb' and acb' are both 
right-angled triangles, but the side ac \s only equal to one 
half of b b'. 



Now 
and 

hence 



bb' = ab' sin bab\ 

ac — ab' sin cb' a\ 

sin bab' _ bb' _ 2 
sin c b' a ac i 



But b a b'y or the angle which the front makes with the surface, 
is evidently the same as that which the ray (perpendicular to 
the front) makes with the normal (perpendicular to the sur- 
face) ; bab' \sm fact equal to the angle of incidence, and cb' a 
is also equal to the angle of refraction. 

We thus see that the sine of the angle of incidence divided 
by that of the angle of refraction, represents, according to 
the undulatory theory, the relation between the velocity of the 
ray before and its velocity after entering the surface ; and this 
is what is meant by the index of refraction, so that in the 
instance just quoted the index of refraction is evidently = 2, 
since the velocity was supposed to be diminished in the ratio 
of 2 to I. 

322. Effect of Refraction on Velocity. — Therefore, ac- 
cording to the undulatory theory, the velocity of light is less 
in glass than in vacuo. Indeed, we may suppose that tha 
ethereal medium in glass and similar bodies \s XxaxwrnsJ^^i^ ^» 
some extent by ordinary matter, so that tVvere \s rcvoTfc '«oT^B-^.^ 
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do without more force to do it. For this reason a wave of 
sound travels more slowly in carbonic acid than in air, and 
for the very same reason a ray of light may be supposed to 
travel more slowly in glass than in air. 

Now when a ray of light proceeding in vacuo strikes a 
surface of glass, the motion of the unloaded ether is com- 
municated to the loaded ether of the glass, and we may 
compare this to a series of small elastic bodies striking a 
series of large ones. In such a case two things will happen : 
in the first place, the small bodies will rebound back ; and 
secondly, the large bodies will be pushed forward. Now this 
is precisely what takes place when a ray of light strikes a 
polished glass surface ; part of the light is reflected back, and 
part is transmitted through the glass, and thus reflection and 
refraction accompany each other. 

323. Bending of Iiiifht-WaTes. — We are apt to imagine 
that light differs from sound in a fundamental respect, for if 
a volume of sound be allowed to enter a room from an open- 
ing, the sound which enters is not only heard in front of the 
opening, but considerably to one side ; if, however, a flood 
of light be allowed to enter the same opening, the sides will 
cast a well-defined shadow, past which the light will not be 
seen. 

Now the reason why sound shadows are not in general so 
well marked as light-shadows depends on the circumstance 
that the waves of sound are much larger than those of light. 
A wave of sound may be several feet in length, while a wave 
of light is only 50^00 of an inch long. 

But if the aperture be sufficiently small, we have an apparent 
bending of the light-waves, just as we have in the sound- 
waves ; and furthermore the extent of this bending will be 
different for rays of different colours, inasmuch as these 
represent rays of different wave-length. 

Thus we obtain a beautiful display of colours by looking 
at white light through a series of gratings ; and again if a 
very small opaque circular disc be placed between the source 
of light and the eye there will be seen a bright spot in the 
middle of its shadow, and this will be surrounded by a series 
of coloured rings. 

By varying the nature of the experiment, we have oflen 
beautifully coloured appearances, >n\ucVv -Ate v\m\1«^ va accord- 
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ance with the undulatory theory ; nevertheless the precise 
appearance presented can only be foretold by a series of 
difficult calculations. 

324. Interference. — The general explanation of the ap- 
pearance is, however, very simple. Suppose that we have 
two waves travelling in the same direction, and that the crest 
of the one wave coincides in position with the crest of the 
other, and the hollow of the one wave with the hollow of the 
other, then these two waves will supplement each other, and 
unite to produce one wave of a double amplitude. 

But if the two waves do not coincide, but if the crest of the 
one corresponds to the hollow of the other, they will destroy 
each other, and there will be no light. 

Now something of this kind takes place in the phenomena 
of gratings ; and where the waves supplement each other we 
have a bright spot, and >Vhere they destroy each other we 
have darkness. 

325. NeT^on's Rings. — The same principle may be ap^ 
plied to explain Newton's rings. 

To produce these let us take a piece of plane glass, and 
lay upon it a lens of small curvature 
(Fig. 103). 

Now if this arrangement be viewed 
lying on the table, there is first of all pj^ 

a reflected ray, which comes from the 

lower surface of the lens ; and secondly, we shall have a 
reflected ray from the upper surface of the plane glass on 
which the lens rests. Also at a certain distance from the 
centre all round the point of contact these two reflecting rays,, 
as they travel together to the eye, will have the crest of the 
one coinciding with the trough of the other, and their effect 
will be darkness, or we shall have a black ring. 

A little further out the distance between the two surfaces 
being greater, the one wave will be a whole wave-length 
before the other and hence the two crests will again coincide ; 
they will therefore supplement one another, and we shall have 
a bright ring. 

Further from the centre the crest of the one wave will 
again correspond with the trough of the other, and we shall 
have a dark ring, and so on. The appearance ^Yfe^«\V».^ \.ci 
the eye will therefore be a series of rings datV. axvd XiTv^goX. 
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alternately (Fig. 104), and this is the phenomenon known as 
Newton's rings. 

326. Colours of Thin Plates. — By a similar method we 
can explain the colours of thin plates such as those of a 

soap-bubble ; for in such a case ive have the 
rays of light reflected from the t^ro surfaces 
of the film interfering with one another, and 
cancelling or supplementing one another, as 
the case may be. The effect is, however, 
different for different wave-lengfths, so that 
while rays of certain wave-lengths cancel one 
another, those of another wave-length are 
allowed to pass, and by this means we have often a magnifi- 
cent display of colour. 

327. Objection to the preeedins Explanation. — The os- 
cillation of a vibrating particle has been compared to that of 
a pendulum. Now if the displacement of the pendulum from 
its lowest point A (Fig. 105) be doubled, or if 

A c = 2 A B, 

we have, by a well-known proposition in geometry (provided 
the displacements are small), 

A E = 4 A D ; 

that is to say, the pendulum vibrating through the arc b a 
falls from B to A through a vertical distance 
D A, while that vibrating through the arc 

C A = 2 B A 

falls from c to A through a vertical distance 
equal to 4 D A. Now the energy of the oscil- 
lation is represented by the vertical distance 
through which the pendulum falls ; hence we 
see that if we double the amplitude of a vibration 
we increase its energy four times. 

Suppose now we have two similar waves 
moving in the same direction, as in Fig. 106. 

We have said that they will supplement 
one another, and form one wave of double the amplitude, as 
in the figure ; but by doubling the amplitude of the oscillation, 
shall we not increase the energy ?out Wtives, ^-a \tv V>cv^ caafc 
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of the pendulum, which represents oscillatory movements 
g-enerally ? 

Can we, therefore, consistently with the laws of the conser- 
vation of energy, imagine two rays of unit energy to unite so 
as to form one ray of which the energy is four units ? 

Let us now consider two rays, that are travelling in the 
same direction, but so that the crest of the one fits into the 
hollow of the other. 

The result, as we have seen, will be a destruction of motion. 
Now suppose that each of the waves represents unit of energy. 
Can we, consistently with the laws of the conservation of 
energy, imagine two rays of unit energy to 
unite so as to have their energy entirely 
cancelled ? 

We reply that if either of these two pheno- 
mena occurred alone, the laws of energy 
would present a formidable obstacle to this 
conception of light. Thus, if two rays of unit 
energy were to unite into one ray, having 
an energy equal to four units, without any 
other compensation ; or if two rays of unit 
energy were to cancel one another without 
any other compensation, we might justly 
imagine that the laws of energy had been 
broken. 

The case is, however, completely altered 
if we bear in mind that the two phenomena always occur 
together ; that is to say, if we have two rays of unit energy 
combining into a ray of energy equal to four units, we have at 
the same time, and side by side with it, other two rays of unit 
energy cancelling each other. 

There is thus, on the whole, fuitker a creatiofi nor a destruction 
of rneri^y^ hut merely a displacement,, and thus the apparent ob- 
jection to the undulatory theory derived from the laws of 
energy is entirely removed. 

328. Alteration of Wave-leniTtb by Motion of Radiatlnfr 
Body. — The reader may have noticed when in a railway sta- 
tion, that if an engine approaches the station at a rapid rate, 
and whistles at the same time, the note is different as it ap- 
proaches the station and as it recedes on the other s\de.^Vi«vw^ 
shriller in the first case than in the second. 




Fig. 106. 
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The reason of this is very obvious, if we bear in mind that 
the whistle consists in a number of impulses that are rapidly 
communicated to the air one after another by the eng-ine, and 
that the note or wave-leng"th consists in the distance between 
one such impulse and the next. When the engine is approach- 
ing the station it gives an impulse to the air, which impulse is 
propagated in the air towards the station with the usual 
velocity of sound. But the engine has already advanced 
some distance in the same direction before it gives the next 
impulse, therefore the distance between the two impulses will 
be less than if the engine were at rest, and the note will there- 
fore be shriller. 

On the other hand, when the engine is leaving the station, 
it gives an impulse to the air, which impulse is propagated to 
the station with the usual velocity, but the engine has already 
moved some distance in the contrary direction before it gives 
the next impulse, and the consequence is that the distance 
between two impulses will now be greater than if the engine 
were at rest ; that is to say, the sound will be more grave. 

Thus, when a sounding body is rapidly approaching* the ear 
its note is rendered more acute, while if it be receding- from 
the ear its note becomes more grave ; we might therefore 
expect that when a luminous body is approaching the eye, 
there will be a general decrease in the wave-length of its light, 
and that when it is receding from the eye there will be a 
general increase of wave-length. But in order that this change 
may be perceptible, the rate of approach or recession of the 
body musttbear a sensible proportion to the velocity of light ; 
in other words, the body must be moving at the rate of at least 
several miles per second. 

Now, it is only in the heavenly bodies that we can look for 
such velocities. Let us therefore suppose that we have 
brought upon the slit of our spectroscope the image of a star 
or planet, in the spectrum of which there is an absorption 
band corresponding to the double line D. If this star be not 
in motion either towards or from the eye, the position in the 
spectrum of these absorption lines should agree precisely 
with that of the bright lines formed by burning incandescent 
sodium before the slit of the spectroscope ; but if the star be 
moving towards the eye, these absorption lines ought to be 
slightly displaced towards the most refrangible end of the 
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spectrum, which is that of smallest wave-length. In like 
manner, if the star be receding from the eye, the absorption 
lines ought to be displaced towards the red or least refrangible 
portion of the spectrum. Huggins has by this means been 
able to make out the proper motion of several stars in a direc- 
tion to and from the eye ; and more recently Lockyer has 
been able by the same means to detect violent convection 
currents in the sun's atmosphere (Art. 226). 



Lksson XXXV.- Polarisation of Light. Connection 
BETWEEN Radiant Energy and the other forms of 
Energy. 

329. Lonsitudtnal and Transverse Waves. — It thus 
appears that we have strong evidence in favour of the undula- 
tory theory of light, but we do not yet know of what particular 
kind of wave motion a ray of light consists. It may either con- 
sist of transversal vibrations (Art. 134), in which the direction 
of displacement is perpendicular to that of the wave motion, 
as in a wavelet produced by throwing a stone into water, or 
of vibrations in the direction of the wave motion similar to 
those of sound. 

It will easily be seen that there is a very marked difference 
between these two kinds of vibrations. Let us, for the sake 
of illustration, take a long string, extending horizontally be- 
tween two points, and strike it rapidly with a vertical stroke, 
we shall then perceive a wave consisting of a vertical dis- 
placement propagated rapidly from one end to the other of 
the string. Let us now strike it on one side with a horizontal 
stroke, and we shall see a similar wave consisting of a 
horizontal displacement propagated rapidly in the same 
direction. 

In both cases the displacement is perpendicular to the direc- 
tion of motion, but the one is in a horizontal and the other in 
a vertical plane. A transversal undulation is thus capable of 
assuming a particular side, or bias, or direction. 

Now in a wave of condensation and rarefaction, such as 
that of sound, there is evidently no capability of assuming a 
particular side or bias of this kind. This is expressed Vi>5 
saying that a transversal wave is capaVAe ol "^^^jJ\»aciSw%.VKWa.'» 

X -J. 
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while a wave of condensation and rarefaction is incapable 
of it. 

330. Mechanical Analogry. — Next suppose that we strike 
the string of which we have spoken with a vertical stroke, and 
that we likewise make it to pass between the vertical plates 
of a frame (Fig. 107), it is clear that these vertical plates will 
not prevent the vibration taking place ; we may, in fact, place 
a great number of such frames in the path of the wave with- 
out interfering with its progress. If however we place another 
frame with horizontal plates (Fig. 108), so as to have one 
plate on each side of the vibrating string, it is evident that the 
arrangement will now tend to check the vertical undulation ; 
and if we have a great many such frames, even although the 
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String does not when at rest touch the plates, yet the progress 
of a vertical wave may be completely checked thereby. 

Suppose now that we cause a horizontal wave to pass along 
the string. This wave will be stopped by the frame with 
vertical plates, or the same which allowed a vertical wave to 
pass, while it will be unaffected by the frame with horizontal 
plates, or the same which stopped a vertical wave ; in fine, 
the one frame will stop the vertical wave and the other the 
horizontal. Now, suppose that a mixture of vertical and 
horizontal waves are being propagated along the string ; if 
we insert in their path a series of frames with horizontal 
plates we shall obstruct the vertical parts or components of 
these waves, and if we insert frames with vertical plates we 
shall stop the horizontal components, and if we insert both 
kinds of frames we shall stop all motion. 

331. Polarisation by Tourmaline. — A similar phenomenon 
takes place in rays of light. A ray of ordinary sunlight, pro- 
ceeding, let us say, in a horizontal line, would seem to consist 
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of Iransversal waves, and not waves of condensation and 
rarefaction ; but there would be as many vibrations in one 
plane as in another — in fact, the rays would consist of an 
impartial mixture of horizontal and vertical vibrations, all 
howevertaking place at right angles to the direction of propa- 
gation. Furthermore, there are certain substances which 
admit of the progress through them of a ray of light of which 
the vibrations all take place In one plane, while however they 
stop nearly all rays consisting of vibrations in a plane at right 
angles to the lirst. Thus let us cut a couple of slices from a 
gem called tourmaline in a direction parallel to a particular 
direction called the optie axis of the crystal, then let us place 
these two slices together with the axis of each vertical, and 
in the path of a horizontal ray of sunlight, and we shall find 




that the ray of sunlight will pass, although with diminished 
intensity, through the two slices. In the diagram (Fig. io8a) 
a, i, f, d represents one plate, and e,f, g, h the other ; where 
they overlap the shading represents the deepened colour due 
[o the two slices. Suppose, however, that we now turn the 
one slice round upon the other until the axis of the one is at 
right angles to that of the other, the one axis being horizon- 
tal and the other vertical, then we shall find (hat the light 
will no longer be able to penetrate the combination, but we 
shall have total darkness, as i^hown in Fig. loSJ ; the one 
slice, let us say, stops all those rays of which the vibrations 
are horizontal, and the other slice all those with vertical 
vibrations, and thus between them both they will sta^ aU. 
light, just as a combination of the tv;o !ra.mea VSi W,a^ 1^*1 
vibration in the string. 
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One slice of tourmaline is thus used to produce polarized 
light, and is therefore called the polariser. The other jwece 
is used as a means of examination whether the lig'ht be in 
that peculiar condition or not, and is called the analyser. 

Now the only possible explanation of this behaviour is 
that a ray of light is capable of assuming a side or bias, in which 
case it must consist of transversal vibrations^ and not of vibrations 
of condensation and rarefaction. This explanation is due to 
Young, who along with Fresnel has greatly increased our 
knowledge of the nature of light. 

332. Polarisation by Reflection. — We have just now seen 
that a ray of light is polarised by being made to pass through 
a plate of tourmaline cut parallel to the axis, by which we 
mean that it is only those rays of light the vibrations of which 
are in a particular direction that are allowed to pass. Polari- 
sation is likewise produced by causing a beam of light to be 
reflected from a surface of glass or water, or any similar 
substance. 

At a particular angle for every such substance the polari- 
sation is a maximum. For glass the ray must make with 
the normal the angle 54** 35', which is called the po/arisiitg 
angle. 

It is imagined that in the reflected ray the vibrations are all 
in a direction perpendicular to the plane of reflection, so that the 
portion of the incident ray consisting of vibrations in the 
plane of reflection has not been reflected at all. If therefore 
we allow an ordinary ray of light, a b (Fig. 108^), first to be 
reflected from a plate of glass, /, g, //, ?, at the polarising 
angle, and if the reflected ray, b r, be again made to impinge 
upon another surface of glass at the same angle, the latter 
will then be the analyser, and if its plane be parallel to the 
polariser as in the figure, the light will be again reflected in 
the direction c d. If the analyser be turned round, b r, as an 
axis until its plane is at right angles to the polariser, it will 
be found that the light is no longer reflected. For the reflected 
ray consists entirely of vibrations perpendicular to the first 
plane of incidence. But vibrations perpendicular to the first 
plane of incidence will be in the second plane of incidence, 
which is at right angles to the first, and therefore they will 
not be reflected from the second surface. 

339. Polarisation by Double UeiTi^^^ii^ii,— 'W^Vv^n^ ^^ttv 
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that a crystal of tourmaline cut parallel to the optic axis has 
sides, and that it stops all that portion of a beam of light con- 
sisting of vibrations in a particular direction, while it allows 
to pass that portion consisting* of vibrations perpendicular to 
this direction. 

A crystal of Iceland spar does not do this, but it trammels 
those light vibrations which take place in one direction differ- 
ently from those which take place in a direction at right 
angles to the first, and hence the one set of rays passes 




.^ 




through the crystal with a different velocity from the other 
set. 

But the bending of a ray of light by a substance (Art. 321) 
depends on its change of velocity in passing through the sub- 
stance. Hence, in a crystal of Iceland spar, the part of a ray 
consisting of vibrations in one direction will be differently 
bent from that part consisting of the perpendicular vibrations ; 
there will therefore be two rays : that is to say, a ray of light 
in entering a piece of Iceland spar will generally be split into 
two, which will travel through the crystal with different 
velocities. This is what is meant by double refraction. 

If therefore we look (see Fig. iCScT) at a.ti\t^^^QN.>Jc«Q>aL"sgcs. 
a piece of Iceland spar, we shall generaVVy see \.^o\wva."S£»^"^ ^^ 
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it, one at O and one at E. The former is called the ordinary 
imagei being produced by light following the usual law of 
refraction ; and the latter is called the extraordinary image, 
since it results from light refracted in a special manner. In 
accordance with what has been said, we should expect that 
the effect of passing the ray of light R r throug-h the crystal 
will be to divide it into two parts, E e and O Oy each of which 
is polarised. This is found always to be the case, unless the 
light is incident in the direction A X, which is that of the 
optic axis. 

We cannot here enter more minutely into this subject; 
suffice it to say that there are many wonderful and beautiful 
phenomena presented by polarised light, all of which may be 




Fig. joSif. 

explained by the theory which supposes a ray of light to 
consist of transversal vibrations, or vibrations at right angles 
to the direction of propagation. 

334. Connection bet^reen Radiant Energry and tbe other 
forms of Energry. — We have seen that a heated substance 
parts with some of its energy of heat into space, and that this 
heat then assumes the form of radiant energy and travels 
through space with a very great velocity. Ordinary or 
absorbed heat may thus be converted into radiant energy ; 
and, on the other hand, radiant energy may be reconverted 
into absorbed heat. Thus, when the sun's rays strike upon a 
black substance they are absorbed, and their energy is spent 
in heating the substance. 

There is, however, no direct Vratvsttvw\A\Aovi o^ v^d\si.tvt 
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energ-y into mechanical effect, or of mechanical effect into 
radiant energy, but only a transmutation through the medium 
of absorbed heat. Thus we may use the sun's rays to heat 
the boiler of a steam engine, from which we may thus obtain 
mechanical effect, but the radiant energy from the sun must 
first have been transmuted into absorbed heat. « 

In like manner, by percussion or friction, a substance may 
be rendered incandescent, and the mechanical energy of a 
blow be made to produce radiant light and heat, but the first 
step of the process is the transmutation of the mechanical 
energy into absorbed heat, and the second, that of the 
absorbed heat, into the form of radiant energy. 

The connection between radiant energy and the other 
forms of energy will be afterwards treated of when these 
varieties are discussed. 



CHAPTER VIII 
ELECTRICAL SEPARATION 

Lesson XXXVI.— Development of Electricity 

335. Historical. — It was known as early as 600 B.C. that 
when amber ^ is rubbed with silk it attracts light bodies, and 
Dr. Wm. Gilbert, of Colchester, Physician to Queen Elizabeth, 
in the sixteenth century, showed that many other substances, 
such as sulphur, sealingf-wax, and glass, possess similar pro- 
perties. 

From this very small beginning- our knowledge of these 
phenomena has of late years vastly increased, and we know 
that this attractive power manifested by rubbed bodies is the 
result of the development of an agent which we term electricity 
(from the Greek word ^jA-ewrpov, amber), 

336. Conductors and Insulators. — Suppose we have a 
metal rod with a glass stem, and rub the glass with a piece of 
silk, the glass will in consequence have the power of attracting 
light bodies, but only at that place where it has been rubbed. 
Thus the property which the glass has acquired has not the 
power of spreading itself over its surface. Now we may also 
by friction with the silk electrify the metal rod if we hold it by 
the glass as a handle. We shall then find that the influence 
has spread over the whole surface of the metal, and is not 
localised as in the former case. This fact we express by 

I Amber is a kind of fossil resin wYxich U obtamed ^xom v\vts>cvoTt% o\ \>Ev^^^'Qft.. 
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saying that glass is an insulator, or non-conductor, and that a 
metal is a conductor of electricity. 

Accordingly bodies have been divided into classes, as far 
as electricity is concerned, and the following table exhibits 
the place in which they stand : — 

Table No. 39. — Conductors and Insulators of 

Electricity. 



Metals. 

Gas Carbon. 

Graphite. 

Acids. 

Salt Solutions. 



Alcohol. 
E-ther. 
Powdered Glass. 



Marble. 

Slate. 

Dry Metallic Oxides. 

Fatty Oils. 

Phosphorus. 

Limestone. 

Chalk. 

Lycopodium. 

Caoutchouc. 

Camphor. 

Porcelain. 



Good Conductors. 

Sea Water. 

Spring Water. 

Rain Water. 

Snow. 

Living Vegetables. 



Living Animals. 
Soluble Salts. 
Linen. 
Cotton. 



SemU Conductors, 

Flowers of Sulphur. Straw. 
Dry Wood. Ice at 0° 

Paper. 



Insulators. 

Dried Vegetables. 

Leather. 

Parchment. 

Dry Paper. 

Hair. 

Feathers. 

Wool. 

Silk. 

Precious Stones. 

Mica. 

Glass. 



Agate. 

Wax. 

Sulphur. 

Gutta Perch 

Resins. 

Amber. 

Shellac. 

Paraffin Wax. 

Ebonite. 

Dry Gases. 



The transition from the first to the second or from the second 
to the third class of bodies is not abrupt, for the worst kinds 
of conductors are to some extent insulators, and even the very 
best conductor presents some resistance to the passage of 
electricity. 

On the other hand, various circumstances may reodai: ^ 
body a conductor ; thus glass heated to a ted. "VveaX \^ ^ <i.o"cv- 
ductor, although when cold, glass does not cotvd>3ie\,. 
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the list, but negatively if rubbed by any substance that 
precedes it : — 

Table No. 40. Order of Electrification. 

1. Cat's skin 8. Resin 

2. Flannel 9. Metals 

3. Polished glass 10. Roug-h glass 

4. Cotton II. Sulphur 

5. Silk 12. Caoutchouc 

6. Wood 13. Gutta-percha 

7. Shellac 

But the student must be warned that he must not attach 
too much importance to this table, for a slight difference in 
the character of the body may change its place in the list. 
For the purpose of experiment the most useful materials are : 

I. Polished glass rubbed with a silk pad, on which has been 
spread an amalgam composed of tin, zinc, and mercury, 
called electrical amalgam ^ that has been mixed Avith a little 
tallow. The glass and silk should be well dried by- being 
placed in a suitable oven. The glass will, on friction with the 
amalgamed silk, become strongly positive. 

II. Ebonite, which is a special preparation of indiarubber, 
may be obtained in polished rods, and is very suitable for ex- 
periments when negative electricity is desired. When rubbed 
with warm fur it becomes strongly negatively charged. 
Ebonite must not be heated, and it should be preserved in a 
dark place. 

339. Other modes of developingr Electrical Separation.— 
There are other methods of developing electricity besides 
that produced by rubbing two bodies together, for it has been 
noticed that when heterogeneous substances Sive pressed together ^ 
and then suddenly separated from each other, electrical ex- 
citement is frequently produced. It has also been noticed by 
Becquerel that cleavage frequently produces electrical separa- 
tion, as for instance when two plates of mica are rapidly tom 
from each other. 

Volta was the first to suppose that electrical separation is 
produced by the'contact of heterogeneous metals^ and the truth of 
this has been demonstrated by Sir W. Thomson (now Lord 
Kelvin). We shall return to this when we come to treat of 
the eiecinc current. In all these cases iVvete \s a heterogeneity 
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or difference between the two substances or portions of the 
same substance between which electricity is produced, and it 
is believed that if two absolutely similar substances were 
broug-ht together, and then separated or rubbed against each 
other, we should not be able to obtain any electrical separation, 

We must also bear in mind that electrical separation requires 
energy, so that when an electrical machine is in good action, 
part of the work spent in turning it is converted into heat, 
and part into electrical separation. 

In fact, in some way or another we must always have spent 
energy before we can produce electrical separation. 

Besides the strictly mechanical sources of electricity there 
are certain minerals which, when heated, exhibit electrical 
properties, in which case they are said to be pyroelectric. 

Tourmaline is a mineral of this kind. It is not the absolute 
temperature, but only the change of temperature that renders 
tourmaline electric. Thus if a tourmaline be in a room of any 
temperature, and if it is completely in temperature equilibrium 
with this room, it will not be electric. But if taken into a 
colder medium, it acquires two contrary electric poles, which 
however vanish when the tourmaline has acquired the new 
temperature. If it now be brought into the original hotter 
medium, the tourmaline again acquires electrical poles, but in 
the opposite direction. Suppose we call these two poles A 
and B. When taken from the hotter medium into the colder, 
let us suppose that the pole A is positive and B negative^ then 
when taken from the colder medium and transferred once 
more to the hotter medium, a will become negative and B 
positive. 

It may be asked, what species of energy is spent in this 
case to produce the electrical separation ? to which the reply 
is, that heat is spent ; a small portion of the heat has in fact 
vanished in producing this separation, and will again appear 
in the shape of heat when we have recombined the two 
electricities. 

Lesson XXXVII.— Electrostatic Induction. 

340. Electrification by Induction. — It has been said that 
unlike electricities attract, while like repel one another. Ho^ 
what will happen if we bring near togelVvet \>no \w^vlN3a\fc^ 
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conductors, one charged with electricity, and the other not 
charged ? An index to the result will be found in the state- 
ment already made (Art. 358), in which a neutral body is 
regarded as a reservoir of both electricities in a state of 
union. Suppose now that the conductor in question (Fig. no) 
is charged with •*■ E : when it is brought near the neutral 
conductor it will decompose its fluid, attracting that of the 
opposite kind to itself, that is to say, - E, and repelling that 
of a like character with itself, or + E. The end of the neutral 
conductor next the electrified one will thus be charged with 
- E, and the opposite end with + E. The state of things 
will be represented by Fig. 1 10. 

Now let us suppose that we have an arrangement by which 




Fig. 110. 



the neutral conductor may be divided into two, and that we 
perform this separation, we shall find the half nearest the 
charged conductor to have a negative, and the half farthest 
from it a positive charge. We may prove this by the pith 
ball already described (Art. 337), for if we charge such a pith 
ball with + E by touching it with a stick of glass rubbed with 
silk, we shall find that it will be attracted by that half of the 
conductor which was next w, while it will be repelled by that 
half which was farthest from w, shbwing that the first half 
contains - E and the latter + E. 

It will be noticed that the electrified conductor m has not 
parted with any of its electricity, but is the same after the 
experiment as before it. Lei us tvovj, VvovaeNex, n^ltv the 



LESS. XXXVII ELECTRICAL SEPARATION 353 

experiment by slowly bringfing^ the conductors nearer to one 
another, although not into actual contact ; the attraction 
between the + E of the charged conductor and the - E of the 
neutral conductor which it has decomposed will at lengfth 
become so great that they will be able to surmount the 
resistance of the air, and will rush together in the form of a 
spark. The consequence will be that the conductor m will 
have lost a portion of its + E, and the conductor « its — E 
which m had decomposed and attracted toward itself ; a posi- 
tive charge will therefore remain in « : in fact, the result 
will be just the same as if there had been a communication of 
+ E from m to n. 

The action which the charged conductor exerts upon the 
uncharged one at a distance is called electrostatic in- 
duction. 

This influence is limited in its extent, and depends upon the 
distance between the two conductors. 

To render this evident, let us suppose the charged con- 
ductor A to act upon the uncharged conductor B c, separating 
the electricities as in Fig. no. 

It is clear that the - E is kept at n by the attraction of the 
charge at A, while this attraction has to oppose the tendency 
which the two separated electricities of B c have to rush 
together and unite. Now if the charge at m is very small, 
or very far away, it cannot separate a very g^eat quantity of 
electricity in B c, but as the distance decreases, the amount 
of separation will increase, until at length, as we have already 
said, a spark will pass between the two conductors. 

341. The Electropboms. — This instrument well illustrates 
the phenomenon of induction. It consists of a shallow tinned 
pan or mould, which is filled with resin, so that at the top we 
have a smooth resinous surface in a mould the outside of which 
is metallic, and therefore in electric communication with the 
earth. Besides this there is a movable metallic cover having 
a glass handle (see Fig. in), which can either be brought 
into contact with the resinous cake or removed from it as 
desired. 

A more convenient way of making an electrophorus is to 
use a disc of ebonite with a brass plate fixed to the bottom, 
and a brass disc with an ebonite handVe iot \>cvei \xvQ.>4"a>c^a 
cover. 
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Fig. hi. 



When about to be used : — 

(i) The ebonite or resinous surface is smartly beaten by a 
cat's fur, and by this means - e is developed upon it. 

(2) The cover is next brought into contact with the excited 

resin, and the upper surface of 
the cover ts then touched with the 
finger. It might at first be 
thought that we should by this 
means carry off the electricity 
developed on the resinous sur- 
face, but such is not the case. 
The resin, it must be remem- 
bered, is a non-conductor, and 
the cover does not come into 
such intimate contact w^ith it as 
to carry off its electricity by 
conduction. Instead of this the 
resin acts inductively upon the 
cover (see Fig. 1 1 \a\ so that the 
neutral fluid of the latter is decomposed, the 4- E being retained 
on the under side by the inductive action of the resin, while 
the - E goes away through the finger which touches the cover 
into the earth, 

(3) The cover is then removed, and will in consequence be 
found to be charged with + E. 

As the electricity of the resin has not been conducted 
away, this operation can be repeated time after time without 
any apparent diminution 
of the electricity of the 
resin, and without the 
necessity of exciting it 
afresh. 

The tinned mould or 
form in which the resin 
is placed (or the brass 
plate at the bottom of the 
ebonite) serves to retain 

the - E developed on the surface. For this electricity acts 
inductively on the neutral fluid of the under surface of the 
metallic form, retaining the +E, but driving the — E into the 
e&rthf upon which we may suppose lV\e \tvslv>3LWvetvt to be placed, 




Fig. iiirt. 
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This -l-E, which thus resides on the lower surface of the 
form, binds in its turn the - B which exists on the resinous 
surface, and prevents it from being easily dissipated. 

This is the mode of action of the form while the cover 
is not on ; but when the cover is put on, the electricity of 
the resin prefers to act inductively upon the cover which 
is close to it, rather than upon the bottom of the form, 
which is removed from it by the whole thickness of the 
cake, and we have then the action which has 
been already described. 

34a. SpeeUe Indnettve CftpAcltr.— We have 
spoken as if the one conductor acted upon the 
other at a distance, but the researches of Fara- 
day tead us to conclude that the action of in~ 
duction depends upon the substance interposed 
between the two conductors. 

If for instance the space between A and B 
(Fig:. 111^), instead of being filled with air, be 
Riled with sulphur, the same charge at a would have separated 
a greater quantity of electricity at B. 

The capability that a substance has for causing induction 
when interposed between a charged and an uncharged con- 
ductor is called its spacUlc IndneUTC c&pactty, but before 
this can be fully explained it will be essential to exolain how 
electricity is measured. 

Lesson XXXV III.— Measurement of Electricity. 
343. Toraton Balance. — We have seen that there are two 

kinds of electricity, and that the one never appears without 
the other. We have also seen that like electricities repel, 
while unlike attract each other. But to perfect our know- 
ledge of the subject It will be necessary to devise some 
method of measuring electricity, and of estimating electrical 

We have spoken of electricity as a thing which can be con- 
ceived of as separate, but we must bear in mind that it is tia/er 
fouitd dissociated from matttr. Our method of determining the 
quantity of free electricity in a body must therefore be differ- 
ent from that of determining the quaMit-y tA ichAVk "va "Ot-s 
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Let us begin by suppoung that we have two similar metallic 
balls, each Insulated by a glass stem, and the one charged vnth 
electricity, but the other uncharged. Now if we bring these 
two balls into contact with each other, the electric fluid will 
difTuse itself into equal proportions over both balls, so that 
when we separate them, each will have one half of the 
original quantity of electricity. We thus see how a charge 
can be subdivided. Coulomb was the first to investigate the 
mutual attractions and repulsions of electrified bodies, and he 
did it by means of an instrument called the torsion balatsce. 

s of a delicate horizontal needle (Fig. 112), made 
of some non-conducting sub- 
stance, such as shellac, sus- 
pended by a very fine wire. 
There is a small gilt pith ball 
fitted at one extremity of thU 
needle. There is likewise a 
brass ball m supported by a 
vertical glass rod fixed in an 
aperture in the cover of the 
instrument. At the bottom 
of the apparatus is a dish 
containing chloride of cal- 
cium, for keeping the air 
:ould 




iry. i 



conduct away the electrii 
which it is wished to mea- 
FiQ. ti«. sure. Surrountling the cylin- 

drical side of the instrument 
at the level of m and n there is a graduated scale. Finally 
the attachment at the top of the fine thread which sustains 
the needle is capable of moving independently of the tube, 
and there is a small circle at the top which registers the 
angular movement which is thus communicated to the sus- 
pended thread. Now let the apparatus be so arranged that n 
is just in contact with the ball m. Next let the rod a m be . 
taken out, and let the brass ball receive a charge of electricity. 
On being replaced m will touch n and communicate part of 
its charge to », and the needle will thereafter be repelled by the 
brass ball, since both are charged with the same kind of elec- 
tricity. The needle will therefore aetUe m some position where 
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the electric repulsion tending- to drive it from m will just balance 
the force of torsion tending- to bring it back to m. Now if we 
suppose that the angle between m and n as read on the scale 
is 10", the force of torsion being proportional to the angle (Art. 67), 
we may call this force 10, and hence the* electric force which 
counteracts it may be called 10 also. But by moving the top 
round in the same direction as the hands of a watch, we may, 
by means of the force of torsion, make n approach ;;/. Sup- 
pose that we twist the suspension round 35°, we shall find by ' 
the scale that m and n are now five degrees apart. Hence the 
whole torsion will now be denoted by the 35" through which 
we twisted round the suspension above, plus the 5° between m 
and n on the scale below ; that is to say, there will be 40** of 
torsion in all, and hence the electric repulsive force will be 
measured now by 40 instead of 10. Thus, while it takes a 
force equal to 10 to keep m and n 10° from each other, it takes 
a force equal to 40 to keep them at the distance of 5^ 

But 10 and 5 represent very nearly the distances of the two 
electric bodies from each other, so that the force of repulsion 
is four times as great at half the distance. 

We might by a similar method charge the two balls with oppo- 
site electricities, and we should then find that when the dis- 
tance is halved the attraction is increased fourfold. We are 
thus entitled to conclude that the following law is true : — 

Law III. — The attractions or repulsions between two electrified 
bodies vary inversely as the square of their distance from each other. 

Having thus proved the law of variation with distance, the 
law of variation with quantity can be proved in a similar 
manner : for if we take out the ball ///, and cause it to touch a 
similarly sized unelectrified ball, its charge will be reduced to 
one half (Art. 343). If we now replace it, we shall find that 
the force as measured by the angle of torsion will be reduced 
to one half. In this experiment n retains its full charge ; but 
had we commenced the experiment with this half-charge 
both of m and «, we should have found the electric force only 
one quarter of that due to a full charge of both m and n ; that 
is to say, the half-charge of m acting on the half-charge of n 
will produce a result only one quarter as great as before. In 
fine, the law of electrical force is similar to that for ^raMvt^ \ 
that is to say, 

Law IV,, TAe force 0/ electric attraction or repulsion betweeniwo 
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electrified bodies varies directly as the product of the quantities oj 
electricity. 

344. Fundamental Iaw. — Summarising' the italicised 
statements of the two previous articles, the force f exercised 
by ni units of positive electricity at a point A upon m^ units of 
positive electricity at a point B, the distance apart of A and B 
being- d units, may be expressed as follows : 

r __ ni w, 
' ~d^' 

If the electrification at A or at B is negative, this is indicated 
by putting a minus sign before the symbol of quantity. 

345. Examples of Use of Fundamental lofw.— 
(i) Question, — Find the force of repulsion betiveen two 
bodies charged respectively with 6 and 4 units of positive 
electricity, the distance between the two bodies being- 3 units. 

Answer,— /= -^ = — —^ = 2%. 

(2) Question, — If w = + 3, m^ = -6, and d = 2, find/". 
Answer.- /= <+ 3) x (-6) ^ _^j 

Thus a minus sign indicates attraction. 

(3.) Question, — If /« = + i, Wj = + i, and a? = i, find/. 

Answer, — f — = i. 

•^ I 

or with unit charges at unit distance the force is unity. 

345a. Examples for Exercise. — (i) Find the force of 
repulsion between two bodies placed 10 cm. apart and charged 
respectively with 5 and 20 units of positive electricity. 

Answer, — i. 

(2) In the previous question, if the bodies are allowed to 
touch, and are then placed the same distance apart as before, 
what will now be the force between them ? 

Answer, — i^. 

(3) In an experiment with Coulomb's balance the angle 
between the balls is 30°. Through how many degrees must 
the torsion-head be turned to make the angle 15** ? 

Answer, — 105*. 
3^e. Oellnition of ElectromtaUc 'Unix, ot ^tmskxmi «\ 
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Electricity. — The last answer of Art, 345 furnishes us with a 
definition of great importance. It in fact tells us that if two 
bodies repel each other with unit force when at unit distance^ 
then they must each be charged with unit quantity of electricity. 
If the unit of force be the dyne 
(see Art. 347a) and the unit dis- 
tance a centimetre^ then the unit 
of quantity will be repressed in 
the C.G.S.system (see Art. 347a!). 

The inductive effect of elec- Fig. 112a. 

tricity will afford an explanation 

of the fact that electricity only shows itself at the surfaces 
of bodies. Thus we may regard an electrified brass globe 
such as that of Fig. \\2a as inducing an opposite elec- 
tricity in the surrounding conductors, including the earth 
and walls of the room. The two electricities cannot however 
unite, because the air surrounding the globe is a non-con- 
ductor. Nevertheless the electricity of the globe will endeav- 
our to get as near as possible to that of the surrounding 
exterior, and will thus appear to reside on the surface of the 
globe. 

In proof of this let us take an insulated hollow brass 
globe, and let it be supplied with two hemispherical brass 

envelopes capable of fit- 
ting tightly upon it, and 
having glass handles so as 
to admit of their being se- 
parated from the globe 
(see Fig. 112^). Now in 
the first place let us elec- 
trify the hollow globe, and 
then enclose it in the brass 
hemispheres. If we now 
quickly remove the brass 
hemispheres we shall find 
them to be strongly elecr 
trified, while the sphere will have little or no electricity left 
in it. 

It is another consequence of the repulsive force of elec- 
tricity, that, while on a sphere the cVvat^e \s >vc\\S.QXTc\'i 
distributed, on 4 pointed CQn^ilQtQr iVus \s tvol X^cvci <rasfc* W 




Fig. 112^. 
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we use the term electric density to denote the quantity i^ 
electricity ott unit of sutfcue^ we shall find that in a conductor 
such as that in Fig. 112a, one part of which is pointed, the 
density is very much greater at the point than elsewhere, 
so that if the body be disposed to part with its electricity 
it will do so more rapidly if it be pointed than if it be a 
sphere. 

Where the density is not uniform an instrument called the 
proof plane is often used to test the relative distribution of 
electricity over the surface of a body. It consists of a small 
disc of copper foil, insulated by a glass rod. This disc is 
made to touch an electrified body at its various parts, and 
forms in fact, for the time being, the outer surface of the body 
at the point where it touches it. We then, by removing the 
disc, remove the outer surface of the body at this point along 
with its electricity, which we can test by means of Coulomb's 
balance. 

It is easy to calculate the density in any case "where the 
charge is uniformly distributed, for we have only to divide the 
total quantity by the total superficial area. 

Example, — Find the electrical density of a sphere charged 
with 200 units of electricity if the radius is 5. 

Answer, — 

Density = Q"^"^^y = ^2?- = i = H 
• Surface 4'rx5'^ it 22* 

347. Electrical Potential. — Let us look on electricity as 
something which changes its place under the action of elec- ' 
trical force just as water flows downwards under the action 
of gravitating force. Now, in order that water may flow you 
must have a difference of gravitation-level, and so in order 
that electricity may flow you must have a difference of electri- 
cal level. 

Whenever there is a difference of gravitation-level and a 
channel of communication opened out, water will flow from 
a higher to a lower level ; and so whenever there is a difference 
of electrical potential or level between two conductors, and an 
electrical channel of communication is opened between them, 
electricity will always flow from the one to the other. In fcut^ 
the difference of electrical potential is that which causes a flow of 
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If we now refer to our standards of energy we find that 
unit of work (a kilogframmetre) is spent when unit of mass (a 
kilogramme) ascends against gravity through unit of distance 
(a metre). 

We might therefore define a metre as unit difference of 
gravitation-level, and say that there is unit difference of 
gravitation-potential, or level, when unit of work is spent by 
unit of mass in moving from the one level to the other against 
gravitating force. Of course it is much more easy to obtain 
any such difference of gravitation-level by trigonometrical 
measurement ; nevertheless in the case of electricity we must 
define difference of electrical level by reference to the work done 
in carrying unit of electricity from the one level to the other. 

Just as we may conveniently refer heights to a distance 
above the sea-level, it is useful to consider a body connected 
with the earth as at zero potential, and according as a body is 
above or below the potential of the earth it is of positive or 
negative potential. 

347a. Electrostatic Units. — Having thus explained what 
is meant by difference of electrical potential, we may add that 
in the system of electrostatic standards it has been found most 
convenient to adopt the centimetre as the standard of length, 
the gramme as that of mass, and the second as that of time : 
the system is therefore sometimes called the Centimetre- 
gramme-second System of Units. 

We shall now g^ve certain definitions founded upon this 
system : — 

(i) The unit of force (the dyne) is the force which will pro- 
duce a velocity of one centimetre per second in a free mass of 
one gramme by acting on it for one second. 

(2) The unit of work (the erg) is the work performed by 
unit of force when it has worked through one centimetre. 

These definitions have already been given, but they are 
reproduced here on account of their importance. 

(3) The unit quantity of electricity is that which exerts the 
unit of force on a quantity equal to itself at a distance of one 
centimetre across air. 

(4) The unit difference of potential^ or unit electromotive 
force, exists between two points when the unit of vjotVv v& 
spent by unit of electricity in moy'mg ^rouv VVve otv& Vo HJcife 
other ag-ainst electric repulsion. 
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Hence w = v Q where w is the work done in carrying" Q units 
of electricity between two points of difference of potential v. 

(5) The capacity of a conductor is the quantity of electricity 
necessary to give it unit difference of potential. 

Hence if a body of capacity k is raised through the potential 
V, the quantity Q of electricity required is Q = v K. 

(6) The coefficient by which the capacity of an air con- 
denser (see Art, 352) must be multiplied in order to give the 
same capacity when another dielectric is used is called the 
specific inductive capacity of the dielectric. 

347b. Examples of Use of Units. — Example I. — TwosmaU 
spheres equally charged are placed i cm. apart, and are found 
to repel one another with a force of 100. How many units of 
electricity must each possess ? 

Answer. — Since — 

100 = ^ — ^, therefore e^ = 100, and ^ = 10. 

Example H. — A small sphere is charged with two units of 
electricity, and the work done in moving it from a point p to 
another point Q is 16 ergs. What is the difference of poten- 
tial between P and Q ? 

Answer, — Since w = v Q where w is the work done in moving 
Q units through difference of potential v, hence 16 = v x 2, or 
v=8. 

Example HI. — What is the capacity of a conductor if a 
charge of 24 units raises its potential 4 units ? 

Answer. — Since — 

we have 24 = 4 K, or K = 6. 

Example IV. — The capacity of an air condenser is 100, but 
if paraffin is used as the dielectric the capacity is raised to 
199. Find the specific inductive capacity of the paraflfin. 

Answer. — By the definition, the required specific inductive 
capacity will be the ratio of the two capacities, or 

m = 1-99. 

100 

348. Electroscopes and Electrometers. — An instrument 
for measuring electrical effects produced >a>f e\ec\fvc\\>j «l\. ws^ 
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is called a.n electrometer, but an instrument designed only for 
delictinga.a electric charge is called an electroscope, of which 
the electrical pendulum (Fig 109) is an example. 

A much more useful and more delicate instrument is the 
Qold-Iieftf BlectroBcop*, shown in Fig. 113. Here we have 
a g-lass jar provided with a metal base, to which two vertical 
metal rods, terminating in two brass knobs, a and *, are 
attached. The top of the jar is closed by a plug of shellac or 
other good non-conductor, through which passes a brass rod 
provided with a brass knob. To that end of the brass rod 
thai is within the jar two ineces of gold leaf are attached. To 
assist in insulating the instrument, 
the top of the jar is coated with 
sealing-wax varnish. 

Now let us see what will happen 
if we communicate a charge of 
electricity to the knob. The gold 
leaves, becoming charged wdth the 
same electricity by means of the 
knob with which they are both in 
contact, vi\\\ repel each other, and 
be attracted towards a and i, and 
we shall approximately be able to 
measure the charge by means of 
the amount of repulsion ; but we 
shall not be able by the method 
now described to tell whether the 
charge is positive or negative. We c 
this in the following way. Suppose that a charge of some 
kind of electricity has been communicated to the leaves. 
Let us now bring an excited glass rod, which contains positive 
electricity, near the knob ; this will decompose the neutral 
electricity of the knob, attracting the negative to itself, 
and repelling the positive to the gold leaves. If, therefore, 
the leaves had previously been charged with positive elec- 
tricity, ihey will now diverge more widely ; but if they had 
previously been charged with negative electricity, they will 
be brought together. 

By providing the gold-leaf electroscope with a sca.\e t>» 
indicating the amount of the divergence lA ftve Neait^, ■Cos, 
instrument would become an eUclromtttr. 




I, however, accomplish 
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34>9. The DiTided Rins Electrometer. — A better method 
of measuring^ electrical chargfes is as follows : 

A metallic needle, c D(Fig'. 114), is arrang-ed so as to be sus- 
pended from c by a thread perpendicular to the plane of the 
paper ; that is to say, the metallic needle is all on one side 
of its point of suspension, or, if balanced, it is balanced by 
something non-metallic. This needle is kept electrified with 
a larg^e chargfe, say of positive electricity, and its suspen«on 
is so arranged that it naturally rests between the two insulated 
half-rings of brass, A and B, as in the figure, the attempt to 
force it round being resisted by the torsion of the thread from 

which it is suspended. Now if there is 
no electricity in either A or B the needle 
will remain at rest; but if b be con- 
nected with the earth, and A be posi- 
tively electrified, it is clear that the 
needle will be repelled from A, and will 
move towards B, until the force of tor- 
sion is sufficiently great to overcome 
the electric force. If hcwever A be 
negatively electrified, the needle will 
be attracted towards A and will move in its direction until, 
as before, the force of torsion overcomes the electric force. 

Now in such an instrument we can register by suitable 
means how much, and in what direction, the needle is turned 
when a small charge has been given to A, and thus we can 
tell not only the nature of the charge, but also its amount and 
potential. 

350. The Quadrant Electrometer. — We owe to Sir William 
Thomson an excellent electrometer, which is an improvement 
on that last described. Four insulated brass boxes shaped 
like quadrants are used as shown in the plan (Fig. 1 14/1). A 
paddle-shaped piece of aluminium foil is suspended by a very 
fine silver wire, so that it hangs horizontally within the boxes. 
The alternate quadrants are connected together : thus Aj is 
connected with Ag, and Bj with B2. When the instrument is in 
use the aluminium needle is charged to a high and constant 
potential, then if Aj and Bg are connected to two sources be- 
tween which it is wished to measure the difference of potential 
the needle will be deflected. The amount of deflection is 
measured exactly in the saw*^ matwwet ^■s \w >)cvfc c.;aL<s^ q!1 >3oft 
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mirror gfalvanometer (Art. 291), and the number of divisions of 
the scale over which the spot of light passes is proportional to 
the difference of potential of the two sources. 



e 



m 




© 



Fig. 114/1. 



Lesson XXXIX.— Electrical Machines. 

351. The Plate Machine. — An electrical machine is com- 
posed of two parts : first of all we have an arrangement for 
generating electricity ; and secondly, we have one for collect- 
ing it. 

One of the best-known machines is that in which the 
electricity is produced by a large disc or plate of glass revolv- 
ing on a horizontal axis (Fig. 115). The axis of the plate 
passes through wooden supports, and the handle which turns 
the machine is made of glass. As the glass plate revolves it 
is rubbed against by two sets of rubbers, one above and the 
other below ; these rubbers are generally made of leather 
stuffed with horse-hair, and press somewhat tightly against the 
glass. They are coated with an amalgam which is generally 
made of one part of zinc, one of tin, and two of mercury. 
These rubbers are placed in electrical communication with the 
ground by means of a chain. 

Now, when the glass disc is turned round, -f E Is ^leTvet^XsA. 
in the glass, and - E in the rubbers, atvd Aa'^ rcv^^ws qS. >Jcie. 
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chain the - E of the rubbers is carried to the gfroundail 
it is produced. Our object is to collect the + B, bat I 
rid of the - E. 

Surrounding' the glass we have two brass rods armed 
plants, these rods being metallically united to a large mel 
surface called the conductor, which is insulated by glass 
ports. These points act by induction on the + E which 
have produced by friction of the g'lass plate ; that is to s 
this + E decomposes the neutral fluid of the points, attract! 
to itself the - e and repelling the + E into the large « 
ductor, which is in metallic contact with the points. The + 




on the glass thereupon unites with the - E at the points, and 
the result of this union is the accumulation of a quantity of ■)■ k 
on the large conductor (see Art. 343). 

If when the conductor of an electric machine is charged the 
finger ora metal rod held in the hand, or otherwise earth con. 
nected (see Fig. 11511), be placed near it, a spark passes 
between the conductor and the finger. 

The positive electricity of the conductor decooiposes the 
neutral fluid of the body, attracting the negative and repelling 
the positive to the ground. The negative electricity at the 
point of the linger thereupon combines by means of a spark 
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vnth the positive fluid in the conductor, a peculiar sen 
being experienced as Che combination takes place. 

The experiment may be varied by placing- an individn. 
an insulating stool, which is a. stool furnished with glass 
(see Fig. 115a), If he now puts himself into electrical i 
rounication by means of a chain with the conductor of 
machine, he becomes part of that conductor, .and anol 
person standing- on the ground can take a spark from I 
just as he could from the conductor itself, 

3Sla. Tb* CxUiider Machine.— Instead of using a plate 
glass we may employ a cylinder as shown in Fig. iij 
llore - E is produced on the rubber and + E on the prim 
conductor provided with tht- points. By connecting the fonw 




to earth by a chain, we get a supply of + e on the primt 
conductor, but if we insulate the rubber and connect tbe 
prime conductor we collect — E on the conductor attached to 
the rubber. 

3511). Indnctlon HkcUnea.— The principle of the electro- 
phorus has been applied to electrical machines in which a 
small initial charge produces succes»ve induced charges, so 
that a lar^e charge is ultimately obtained. The best-knoiro 
types of these machines are the Holtz, the Voss, and the 
Wimshurst. The two latter are now coming greatly into use, 
and are replacing the old frictional machines. One very 
imponant advantage of the Voss and the Wimshurst machine* 
is that their action is not much affected by a damp almo- 
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Lesson XL.— Condensers of Electricity. 

352. Condensers of Electricity. — Suppose we have two 
insulated circular plates of brass, A and B (Fig. 116), with a 
g-lass plate between them. In the first place, let the plate A 
be removed to a distance, and let the plate B be connected 
-with the conductor of an electric machine. Suppose next 
that A is made to approach the g'lass plate on the left-hand 
side, and is at the same time connected with the ground. 
The + E of B will decompose part of the neutral electricity of 
A, driving the + E to the ground, and keeping the — E on the 
side next the glass. 

This - E will react on the + E of B, pulling part of it to the 
side next the glass, and keeping it there. In consequence of 





Fig. 116. 



this action B will be able to draw a further supply of electricity 
from the conductor. This further supply will again act in the 
same way ; that is to say, it will induce - E towards the side 
of A next. the glass, and the — E of A will in turn keep this 
further supply to the side of B next the glass. 

In fine, we see how, by an arrangement of this nature, a 
large quantity of + E will become accumulated on the side of 
B, next the glass, and a large quantity of - E on the side of 
A next the glass. B in fact will draw the electricity of the 
conductor towards itself, or rather to that side of it which is 
opposite A. 

If we now disconnect B from the conductor, and A fcotxv 
the ground, and if A and B are both furtvvsVved vjWXv «\eiCXxN& 
pendulums (Art. JJ7), we shall find that tVver^ \^ vvo ^-^^^a^- 
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ance of free electricity in a at all, the reason beinj 
all held to the side next Ihe glass, and is thus 
influencing: the pith ball. On b, however, there is 
electricity, as is seen by the divergence of the ball 
electricity that is not free. 

If we now separate A and B we shall find tha 
quantity of electricity is set free in both, and the 
will diverge ; this indicates that the respective e 
of the two plates are now not so accumulated o 
next the glass, but are more equally distributed t 
the plates, and can therefore affect the pith balls. 

3Saa. FnrtberStodTof tbeCoiideiiBer.— The e 
given in the last article is a rudimentary one. 
understand the action of the condenser it is necessa 
^derthe chains and potentials of the plates. Totals 
example. Suppose tha 
necled with the prime 
of the machine and tl 
tential is kept at somi 
whilst A is earth conne 
hence at zero potei 
brought close to b, st 
only separating substa 
plate of glass, then th 
of electricity Q on b v 
Art. 3473 :— 

Q= vfr 

where k is the capac 
condenser. Now the larger k is the greater the 
stored. To make K large it will be necessary to 
plates and have them close together. 

35a. Ttae IrtT^en Jw. — This apparatus, so callet 
town where it was first discovered, owes its effects to 
condensation. It consists of a glass jar (Fig. 117), tl 
of which is coated with tinfoil, as also the outside 
neck. A brass rod terminating in a knob is placed i 
communication with the inside coating, and is se 
being passed through a wooden cover which c 
mouth of the jar. Thus the jar is furnished with a 
and an inside coating, which are insulated from one 
in order to charge tUe jar, its oui-aiAe \s 'puX \o\ji e 
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with the earth, or held in the hand, while the knob connected 
with the internal coating is presented to the conductor of an 
electrical machine at work. 

The acUon will be then as follows : 



condensed pn the internal coat- 
e external coating of the 




FlQ. ii;!!. 



: if the atmosphere 



Positive electricity becomes ci 
ing (see Fig. 117a), and — E on 
jar. There is, besides, a cer- 
tain amount of free electricity 
OTi the knob which has been 
placed in contact with the con- 
ductor of the machine j but 
there is no free electricity on 
the outside coating, the charge 
outside being wholly disguised 
owing to its attraction for the 
charge inside. The Leyden 
jar when thus charged may 
be set upon the table, where 
it will remain charged for some t 

The jar may be discharged by means of a discharging rod 

(Fig. 118). This is held by its glass handles, and one of the 

knobs is brought into contact with the outer coating, while 

the other is gradually approached towards the knob connected 

with the interior of the jar 1 

when the two knobs are near 

together, a bright spark is seen 

'^^ I0 pass, accompanied with a 

© report, and the jar is dis- 

JfL charged. 

'*' -"^^ ^^^^fc. '^ *''* discharge takes place 

Xj through the human body, a 
Via. 11S. sharp shock is felt. 

If a I^yden jar be allowed 
to stand for a short time after being thus discharged, it is 
found that it has a small residual charge left in it. This is 
probably occasioned by the penetration of the electricities 
into the substance of the jar, and it is found to vary with 
the nature of the jar and with its thickness, being gcea-tai tii 
a thick jar. 
SOA. The tiejiwa Bkttcry.— A iwivnbeT ol \.e-j4eiv >,« 






37^ ELEMENTARY PHYSICS CHAi 

form what is called an «lectHc bBttarjr. In such abi 

all (he outside coalings are metallically connected togethtr, 
and made to communicate with the earth, while the luu) 
from the centres of the jars are also connected togfether U 
placed in communication with the prime conductor of an 
electrical machine. It will be necessary to work the ma 
for a considerable lime in order to charge to the full extenl 
a large battery ; but when it is completely charged it fixnii 
a very powerful arrangement. Great care is therefCRV K 
quisite in discharging it, that the discharge may not pas 
through the body, or the effects might be fatal. With > 
battery many of the disruptive effects of lig-htning may he 
illustrated. For example, using the arrangfement of Fig. li8<, 
it is possible to pierce a hole through a plate of glass. 




aS5. The Bleetiie DiaclMrKe. — The two opposite electri- 
cities often lecombine suddenly ; but sometimes their 
bination occupies an appreciable portion of time. 

In the case of frictional electricity, which we are now 
sid>ring, the combination is more often instantaneous, ai 
accompanied by a flash of light and also by heat. If the flash 
be examined by means of the spectroscope, it is found to 
sist of a small portion of the substance of the terminals vapor- 
ised, and in a state of brilliant incandescence, together with a 
portion of the ^r between the terminals also incandescent 
This spark, or a similar one obtained by current electridt]', 
forms in fact our best means of studying the spectra of ignited 
■""'aHic vapours. 
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355a. Eneriry of Electrical DiBchari:e. — In the electric 
spark we have the transmutation of the energy of electrical 
separation into that of heat. 

Bearing* this in mind, we are able to estimate the relation 
between the charge and the amount of heat produced by dis- 
charging a jar. Thus let p denote the electric density or 
quantity of electricity on unit of surface ; now the attraction 
between the two sides will vary as the square of p, for were 
the charge on each side reduced to one half of what it is, the 
mutual attraction (Art. 345) would be reduced to one fourth, 
since we should only have one half of the original number of 
electrical elements acting each on one half the number of 
opposite electrical elements. But if the mutual force be in- 
creased fourfold by doubling the electric density, it is clear 
that, for the same jar, the potential energy implied in electrical 
separation, being proportional to the force (see Art. 99), will 
also be increased fourfold. Now since this potential energy is 
converted into heat when the jar is discharged, this heat will 
be increased fourfold also. 

It is clear, in the next place, that the heating effect of this 
discharge will be proportional to the surface charged, so that 
the whole heating effect will be proportional to the square of 
the density multiplied by the surface. This result may be 
put in the following form : — Let If denote the heat produced 
by a discharge, Q the whole quantity of electricity in the jar, 
S the surface, and p the density ; then of course 

and /let/ce the whole heating effect^ or ZT— which, as we have seen, 
is proportional to the square of the density multiplied by the 
surface — will vary as 



m 



X S =^ 

S 



or w/// be proportional to the square of the quantity divided by the 
surface. The electric discharge produces also magnetical and 
chemical effects, which will afterwards be described when we 
come to treat of the electric current. 

355b. Pnrther Study of Energy of "DimOtiwc^^.— \N.^*^^^ 
advisable for the student to consider l\\e etver^^ x^o^vc^^^^^ 
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the charg-ing* and the heat produced during- discharging in 
another manner. 

Let K be the capacity of the jar and V be the potential 
above the earth of the inside of the jar, and Q the quantity ol 
electricity with which the jar is charged. Then since during 
the charging the quantity Q of electricity has been broughl 
into the jar, causing the inside to rise in potential from zerc 
to Vy the work done Wy will be 

W=\QV (i) 

This will be better understood if the charging* of a jar be com- 
pared to raising a quantity of water, My from a ivell, A B CI 
(Fig. ii8<^), of depth H, As the well is beings emptied the 

depth from which the water has to be 
lifted gradually increases from zerc 
to H ', hence the work done Wy ai 
may be proved graphically (see Art 

2\d)y is 

W ^ \M H, 

But the principle of the mechanica 
equivalent of heat asserts that if tb 
stored energy W is changfed into hea 
that 

W^JH (2) 

where y is the value of Joule's equivalent, and H the quantit 
of heat produced. Hence 

JH^hQV (3) 

or the heat produced on discharging a jar is directly proportional t 
the quantity and potential of the charge. 
But 

Q^V K (4) 

Hence 

JH=\KV^ (5) 

or the heat produced is directly proportional to the capacity of the ja\ 
afui the square of the potential. 

The capacity of a jar (as in the similar case of the plat< 
condenser) depends directly on the surface of the conducting 
foil, on the specific inductive capacity of the glass, and in 
verseJy as the thickness of the glass. Bwt iKe thickness must 
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be sufficiently great to stand the electrical stress, otherwise 
the jar may be pierced and spoiled. By combining' a number 
of condensers as in the Leyden battery a high capacity is 
obtained and hence a great energy of discharge. 
355c. Bxaxnple relatinfT to Bnergry of Diacharirc- 
Example I. — A Leyden jar whose capacity is 10,000 is charged 
to potential 10. Calculate the amount of heat produced by 
completely discharging it. 

A,n. : We have H = ^^= 10,000 x 100 

2/ 2 X 42,000,000 

= '012 of a unit of heat nearly. 
Example II. — If the jar in the previous question be charged 
to potential 15, and then partially discharged so that the 
potential falls to 5, what will now be the heat produced ? 
Ans. : If the jar when raised to potential 15 had been cotrt" 

pletely discharged, the heat produced would be 'Q«QOQ x ^5 ^ '5 

2 X 42,000,000 

units ; also if the jar had been charged to potential 5, and then 

discharged, the heat produced would be * ^ ^ units. 

2 X 42,000,000 

Hence to obtain the heat produced by the partial discharge 

we must subtract the latter of these results from the former. 

Thus H = 'O>ooo(i5^j-j^) ^ .^24 of a unit of heat nearly. 
2 X 42,000,000 
Examples for Exercise : 

1. A condenser whose capacity is 20,000 is charged to 
potential 13. Calculate the amount of heat produced by 
completely discharging it. Ans, 0*04 nearly. 

2. A Leyden jar is charged with 10,000 units of electricity, 
and its potential is thereby raised to 20. Calculate the amount 
of heat produced by completely discharging it (See formula 3). 

Ans, 0*0024 nearly. 

3. A condenser whose capacity is 5,000 is charged to potential 
20, and is then partially discharged so that the potential falls 
to 10. Calculate the heat produced. Ans, o'oi8 nearly. 

356. Duration of the Spark. — If a disc coloured with the 
spectral colours in their proper proportion be made to rotate 
rapidly, we have seen (Art. 288) that it will appear white, be- 
cause the various colours follow one another so x-a.-'^x^Jc^ •Ccva^. 
the eye blends them altogether. Cou\d vje, YvovjeNex^ vcv^xx-asg^^i 



to view the disc only for an instant, so that no tii 
lowed for the blending; of the colours, then nre shonli 
in their true aspect, and the disc itself would appea 
rest. Now this will take place if we view a coloured 
disc by means of the electric spark ; the disc vriU be 
(rue colours, thereby showing that the duration of tl 
exceedingly short. 

Wheatstone succeeded in measuring' this duration 
of a revolving mirror. A reference to Art. 162 will 
a very small angular motion of a mirror is sufficient 
the image of a. dot of light into a line. If therefort 
can be made to revolve through a perceptible ang'le 
time that a small spark passes, the image of the 
given by the mirror, will appear to be lengthened ou 

By a method of this kin^, Wheatstone found in o 
ment that the spark lasted ftim of a second ; ar 
found that the electric fluid travelled at the rate 1 
miles a second along an insulated wire, a velocity 
greater than that of light. 



Lesson XLl. — Atmospheric Electricity, f.i 

357. AtmoBpberlc Blectricitr.— It had loifg been 
that lightning was only a manifestation of electric 
large scale, but this was first proved by Franklin, 
flying a kite during a thunderstorm obtained from th 
electricity in sufficient quantity to charge a Leyden ja 

Taking advantage of the known laws of electricity, 
now proposed to render buildings safe from the e 
lightning. He suggested that all large buildings si 
supplied with stout painted metallic rods, extending 
air to some distance above the highest point of the 1 
and on the other hand carried down into mmst eai 
this means it is found that the destructive effects of li 
may be avoided. 

The noise which accompanies the electric flash is [ 
due to the very sudden expansion by heat of the a 
which the current passes, while its destructive effect 
ing substances is frequently due to iv simiVat ca.«9e, ttie 



LESS. XLi ELECTRICAL SEPARATION 377 

a sudden liberation of g-as under intense heat, and thus under 
very hig-h pressure. The flash of lig-htning consists of the 
various constituents of the air heated up to incandescence, and 
"were we to analyse the flash by means of the spectroscope, it 
would no doubt reveal the chemical nature of the substances 
through which the discharge had parsed. 

358. Illustrative Bxperiments. — Let us take a hollow 
brass ball and support it on an insulating glass stand. If we 
now bring this insulated conductor near an electric machine 
in action we shall get a spark, but it will be very feeble. If, 
however, we touch with our finger that part of the conductor 
which is farthest from the machine, or make a connection 
between this conductor and the ground, the spark from the 
machine will be much more intense. 

This illustrates what was said in Art. 340 about the cause 
of the spark. We have the positive electricity of the machine 
decomposing the neutral electricity of the hollow ball, and 
pulling the negative towards itself while it drives the positive 
as far away as possible. If, however, the ball is insulated, 
the positive cannot be driven away very far, nor the two 
electricities sufficiently separated, so that we have a very 
feeble spark. But if we touch the brass ball, or connect it 
with the earth, the positive electricity is driven to the earth ; 
the two electricities are thus well separated, and there is a 
good spark. 

In the experiment now described, if we continue to touch 
the brass ball and at the same time to work the electric 
machine, a succession of sparks will pass through our body to 
the earth, and we shall feel a series of shocks. The spark 
from the electric machine may in truth be compared to a flash 
of lightning, the difference being that the one is only a few 
inches, while the other may be a few miles long. We may 
perhaps compare the thundercloud to the electric machine, or 
generator of electricity, while the air performs the part of the • 
badly conducting medium, and the earth that of the conducting 
sphere in the last experiment. 

Now suppose that we vary the experiment by attaching a 
metallic point to the brass ball between it and the machine, 
while we continue to touch the brass ball and to work the 
machine as before. We shall not now get a. sfetX^^ ofl %^^^n*a 
from the machinef but only a contmuous rvi?^\ 0I «\^^Vc\r.>5^ 



m 



the idnd so produced may be sufficiently strong' I 
candle flame to be eKtinguished. (See Fig, iiSr.) 

This illustrates the efficacy of the lightning'-condui 
tioned in Art. 3571 for the pointed rods running into 
earth will carry off the electricity in a silent mann« 
the point attached to ihe ball does in the experimei 
scribed. A building;' well protected by such pointed c 
is consequently safe from the d 
|~~ r~ effects of the lightning' dischai^e 

I ft if these do not succeed in prevc 

^ _p S^ discharge, they mil at least 

F 4^A violence, and prevent it from inj 

^^h~^ building. 
^^^ 3SO. Oonneston b«tir*eii ] 

FiQ. 118,;. Reparation and the otbar X 

Bnersj. — Having agreed to cot 
two opposite electricities as two fluids which have 
attraction for each other, it is manifest that it will r 
expenditure of energy to separate these two attrac 
from one another, just as much as it inill to separati 
from the earth. 

When therefore we have obtained by an expen 
energy the two electricities in a separated state, 
converted the energy spent by us into a form of 
energy, or energy of position, inasmuch as we havi 
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Further we may have the energy of electrical separation 
transmuted into that of visible motion, when two bodies oppo- 
sitely electrified are allowed to approach each other, and it is 
transmuted first of all into electricity in motion, and after that 
into heat, when a spark is allowed to pass between the two 
oppositely electrified bodies. 
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ment, have one powerful magnet shaped so that its two pole 
come close together. 

Let A and B (Fig. 120) denote the two poles of such ; 
magnet, and let there be an arrangement by means of whid 
we can suspend different bodies midway betiveen the iw 
poles. If we first of all suspend a needle or slip of iron, it wi 
point axially, that is to say, its length will lie in the lin 
joining the two poles, as in the figure. 

If, however, the needle be made of bismuth and not of iroc 
it will not point axially, but transversely or equ&toriallj ; tha 
is to say, its length will be in a line at rig-ht ang'les to tha 
joining the two poles, and generally it will be found that a 
magnetic substances^ or those which are attracted to a single poUy wi 
point axially when placed between two poles ^ while all diamagnd^ 

substances, or those repelled by a sing, 
pole, will point equaioria/ly. In fac 
a magnetic substance placed betwee 
two such poles will endeavour to g( 
as near to these poles as possible, s 
that it will place itself axially ; while 
on the other hand, a diamagneti 
substance will keep as far away a 
possible, so that it will place itse 
equatorially or transversely. 

SGA. Apparent DlaTnagnetlam.- 
It is instructive to observe w^hat wi 
take place if the substance is suspended in a magnetic liqui 
instead of in air. 

Thus mica is magnetic, and in air will point axially ; and 
solution of protochloride of iron is also magnetic, and to 
greater degree than mica. Now what will happen if the slip ( 
mica be suspended in a solution of protochloride of iron an 
then exposed to magnetic influence? In this case, instea 
of pointing axially, it will point equatorially ; that is to sa) 
a magnetic substance suspended in a fluid more magnetic than iisd 
will appear to be diamagnetic. And in like manner a diamagftett 
substance siisperuied in a liquid more diamagnetic than itself wu 
appear to be magnetic. 

365, Action of Mafrnets upon each other. — Having- thus 
described the action of magnets upon bodies in general, lei 
us now proceed to their action upotv otve a,uo\.\\fet. 




Fig. 120. 
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Suppose that we swing* a small magnet, suspended by a 
thread, and that we cause a powerful magnet to approach it. 
We shall find that the marked pole of the small magnet will 
be repelled by the similar pole of the large one, while it will 
be attracted by the opposite or unmarked pole. In fine, we 
have the laws similar to those which hold in electrified 
bodies, in consequence of which we have : 

Law I. — Like poles repe/ aind 

Law II. — Unlike poles cUtract each other* 

Coulomb has applied his torsion balance in order to discover 
the law of magnetic attraction and repulsion, and he finds 
that : 

Law III. — The forces exhibited vary inversely as the square of the 
distance. 




Fig. I2X. 




Thus in the above figure, if we suspend a small magnet {a b\ 
and cause to approach it the pole A of a large magnet {a and 
A being similar poles), we shall first of all have a repulsion 
exerted between A and a proportional to iKhaf, and we shall 
have an attraction between A and b proportional to i/{Ab^), 

The consequence will be that the small magnet will point 
as in the figure ; that is to say, the pole b will place itself 
opposite A, and not only so, but the small magnet, if it be free 
to move, will have a tendency to more towards the large 
magfnet, the force / being represented by the excess of the 
attraction over the repulsion, that is to say, being propor- 
tional to :— 

I _ I 
(aTP (a af 

The attraction of A for b will be greater VVvau \\j& \e-^v^s\o^ 
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for a, and hence the bit of iron will be bodily attracted to 
the large magnet, and if free to move will probably fly to- 
wards it, and attach itself to its extremity or pole. This 
is the reason why iron filings attach themselves to magnets, 
and a bundle of nails or even a heavy iron weight may be held 
up in this manner by a very powerful magtiet. 

366. Mairnetic Induction. — While the mutual action of 
magnets may be compared to that of electrified bodies upon 

each other, that of a magnet 
upon a piece of soft iron may 
be compared in some respects 
to the action of an electrified 
upon a neutral body. 

We may regard the magnet 
as decomposing the neutral mag- 
netic fluid of the soft iron, in a 
manner like that in which an 
electrified substance decom- 
poses the neutral fluid of the 
body near it. Thus if the un- 
marked pole b' (Fig. 121a) of a 
large magnet be presented to a 
bit of soft iron, the soft iron 
becomes temporarily a magnet, having its marked pole A 
next the unmarked pole b' of the large magnet, while the 
unmarked pole b of the small bit of iron will be at the 
extremity farthest from b'. The piece of soft iron will be- 
come a magnet by induction and will be capable of attracting 
iron filings. 

367. Effect of Breaking; a Magnet. — It might be sup- 
posed that if we broke a magnet A b, we should g-et two 
magnets, one containing only the marked pole A, and the 
other only the unmarked pole B of the original magnet, 
just as in the experiment of Art. 340 we separated the two 
electricities of the neutral conductor. Such, however, is 
by no means the case ; for when we break a large magnet 
into two, it immediately forms two small complete magnets. 
Thus if we break a magnet at its centre, a pole is imme- 
diately formed to the left hand of the point of rupture, and 
a pole to the right, so that we have two complete mag- 
nets. If each piece is again broken, VVve ^o>\'c lT9^<^;ccv«(vt& 




Fig. i2ia. 
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are magnets with the opposite poles a and by as shown in 
Fig. 122. 

Thus by breaking a magYiet into a number of pieces we 
make so many separate magnets : and in order to explain 
this, it has been supposed that all the magnetism of one 
kind is not concentrated in the marked pole of a magnet, 
and all that of the opposite kind in the unmarked pole, but 
that in each particle throughout the body of the magnet there 




is a separation between the two magnetisms, so that the state of 
things in a magnet may be exhibited by Fig. 1220;. 

Now if a piece of soft iron be brought into the neighbour- 
hood of this arrangement at the left-hand side of Fig. 122a, 
the marked pole {a) of each particle of the magnet will be 
somewhat nearer the soft iron than the unmarked pole {b\ and 
the sum of all the small effects upon the soft iron will be to pro- 
duce the same effect as if all the magnetism corresponding to 
the marked pole were concentrated in the left-hand end of the 
magnet, and all the opposite magnetism in the other end. 



:b'j^ 



a..~6 a— -^ a^h 
a-~~b a—-ba'^^b 
a.^b a—-'b a~-^6 



a<~^b a~^b Om—b 
a — b a..~~h a—b 
a-^b a ~—b a—b 



Fig. 122a. 

Also we see at once that if a magnet consist of an arrangement 
of this kind, and if it be broken into two parts, each part will 
become a second magnet precisely similar to the whole. 

367a. The Molecular Theory of Magnetism. — The theory 
that the individual particles or molecules of a magnetic sub- 
stance are themselves magnets has been applied to explain 
many of the facts of magnetism. For example, in an ordinary 
piece of un magnetised soft iron the molecular magnets are 
supposed to be very irregularly arranged (^see '^v^. \iiB^, ^o 
that the north and south poles neutraWse eaeVv o\\\e.x. '^ns^- 
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Fig. 122^, 



when a mag-net is broug-ht near the iron the particles turn 
round more or less according to the exciting force, all poles 
of the same name now pointing as far as possible in one 

direction. The soft iron now is a 
temporary magnet ; on removing 
the magnet the molecules return to 
their old positions, and the mag- 
netism is no longer apparent. If 
the experiment be tried with a piece 
of steel, we shall obtain a permanent 
magnet for the molecules in steel, 
although they are more difficult to move, yet once rotated 
will not so readily return to their former position on the 
withdrawal of the exciting magnet. 

368. HoiKT to make Masnaets. — We may magnetise a steel 
bar by a number of processes. The following two should be 
known to the student : — 

I. Method of Single Touch, 

This method is chiefly used for magnetising small pieces of 
steel such as sewing needles. The steel must be repeatedly 
rubbed across one pole of the magnet. If the marked pole 
be used, the end of the steel which leaves the mag-net first 
will also be a marked pole. 

1 1 . Method of Divided Touch , 

Let b" a" (Fig. 123) be the bar which we wish to magnetise, 
and let b a, b' a' be two powerful magnets, A being the marked 




isr: 



Fig. 123. 



pole of the one, and b' the unmarked pole of the other. Bring 

the two magnets together, as in the figure, at the centre of 

the bar to be magnetised, l\vetv svmvAlaLtveously draw them 

along- the bar towards the exUetmWes, rcvoNvw^ t^Vo^^t^-a^* 

and B' to a\ Repeat this process sevetaX \:vm^^, ^xv^ \\. ^^ 
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be found that the bar has become a magnet, with a'' for its 
marked and b" for its unmarked pole. 

Instead of using single exciting magnets for the purpose we 
may employ a number of magnets bound together called a 
compouftd magftet. The process may be made additionally 
effective by allowing the bar to be magnetised to rest upon 
the ends of two other magnets, as shown in Fig. 123a. In 




Fig. 123a. 

« 

this way large bars of steel may be magnetised, but the 
above processes are now chiefly used for small bars. When 
large magnets are required it is best to use for the purpose 
large electro-magnets. 

369. Effect of Heat on Mas^nets. — When a magnet is 
slightly heated it loses part of its magnetism, which is mostly 
recovered when it is again cooled to its original temperature ; 
but if it be heated beyond a certain limit, the loss of magnetism 
will not be recovered when it cools, and if heated to redness 
it loses all trace of magnetic properties of any kind. Soft iron 
also, when heated to redness, loses the property of being 
attracted by a magnet. 

A similar limit exists in the case of the other magnetic 
metals, nickel and cobalt, which if heated sufficiently will 
ultimately lose their magnetic properties. 

Lesson XLIII. — Terrestrial Magnetism. 

370. The Earth acts as a Mairnet. — If a magnetic needle 
be suspended horizontally it will point in this country in a 
direction nearly north and south, the marked pole being 
about 18° to the West of the north. A vertical plane passing* 
through the poles of such a needle is called the ma-^jxe^s-Q. 
meridian. 

Thus if ss (Fig. 123d) be the geograpVv\ca\ xvw W ^vve^ ^ov»JC^>^ 
then MM' will be the magnetic nortVv and soxaXYv, ^^ Vcve^^c^x^ 

** c c ^ 
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by a magfnet pivoted to move freely in a horizontal plane. A 
plane passing* through M m' will be the magfnetic meridian of 
the place. The angle iS"" is called the declination. 

Agfain, if a truly balanced needle be suspended by a delicate 
horizontal axle, so placed that the magnet moves in the 
plane of the magnetic meridian, the marked pole will dip 
downwards, until the needle makes an angle with the horizon 
of about 68". 

Thus if s N (Fig. 123^:) be a magfnet pivoted so that it may 
move freely in the vertical plane of the magnetic meridian, it 




E 



will ultimately take up the position shown. The angle 68° is 
called the inclination or dipy and a magnet mounted for the 
observation of the dip is called a dip-^teedle. 

We are therefore justified in saying that were a magnetic 
needle perfectly free to place itself as it chose, it would be 
found in a vertical plane passing 18° to the west of north, 
and with its marked pole dipping downwards and making an 
angle of 68° with the horizon. The earth, in fact, acts like 
a gigantic magnet, of which the unmarked pole lies to the 
north, and the marked pole to the south, in consequence of 
which the marked pole of a freeVy suspended needle points 
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in this country approximately to the north. It is this pro- 
perty that makes the magnetic needle of such value to 
mariners, who mig^ht not otherwise know in what direction 
to steer. 

But the marked pole of a needle will not everywhere and 
always point as it does in Great Britain at the present 
moment. Two hundred years ag-o the needle pointed to the 
true g^eogfraphical north in London, while now it points iS"" 
to the west of north. Again, if we travel far to the north we 
come to a place that is called the mag^ietic pole, where the 
needle, if free to place itself as it chose, would point with 




Fig. i2y:. 



its marked end vertically downwards ; at this place also, were 
it horizontally balanced, it would have no tendency to turn 
in one direction more than another ; in fact, the unmarked 
magnetic pole of the earth being there directly under our 
feet, the needle merely points with its marked pole vertically 
downwards, and is thus of no use to the mariner. In like 
manner, if we travel far south we shall come to the earth's 
marked pole, where the unmarked end of our needle will 
point vertically downwards, and where a horizontally suspended 
needle will settle in any direction. 

It is unknown in what manner iVve ea.t\>a. ^co^vc^.'^ *'>N.'s» 
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magnetism, but it has been discovered by Sir E. Sabine 
that the magnetic properties of the earth are in some way 
connected with the spots which appear from time to time on 
the surface of the sun, so that in those years when there are 
most spots, there are most disturbances of the magnetism of 
the earth. 

We ought to mention that the effect of the earth's mag- 
netism upon a magnetic needle is merely directive ; that is to 
say, the earth twists round a freely suspended needle, but 
does not attract it bodily otherwise than it does any ordinary 
non-magnetic substance. The reason is, that the magnetic 
pole of the earth is very far removed from the poles of the 
needle, so that the attraction of the earth's pole for the one 
pole of the needle is not sensibly greater than its repulsion 




Fig. 123^/. 

for the other, and therefore the needle is not bodily attracted 
towards the earth in virtue of its being a magnet. 



Lesson XLIV. — Magnetic Measurements. 

371. Fundamental Iiainr. — In an ordinary bar magnet the 
amount of the magnetism is great at the ends, and falls off 
towards the middle. The quantity at different points along 
half the length of a magnet may be represented gfraphically by 
a curve such as mm (Fig. 123^^), the magnetism at the various 
points — w, m^, etc. — being represented by the heig-ht of the 
vertical lines. 

In a long- and thin bar magnet we may assume that the 
magnetic force is concentrated \n tVve Ivjo etvds q^ vVia \sia^et« 
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Let such a magfnet be suspended horizontally in a Coulomb's 
torsion balance, and let a similar magnet be introduced ver- 
tically into the balance case. By the method of Art. 343 we 
may now study the influence of the nearer poles on each 
other. Thus if s N and n' s' (Fig. 
123^) be the fixed and suspended o 
magnets respectively, then the 
force of repulsion between N and 
n' will depend only upon — 

(i) The strength of each of the 
two poles, 

(2) The distance of the poles 
apart, 

if we make the additional assump- 

tion that the poles s and s' are N N' g' 

sufficiently distant to make their Fig. jjg^. 

action negligible. The exact law 

relating to the repulsion or attraction of two magnetic poles 
corresponds to that explained in Art. 345, and may thus be 
written ; 

//^ 



F= ±^3 



where/ and /^ are the magnetic strengths of the two poles, d 
the distance between them, and F the whole force of mutual 
attraction or repulsion. The upper sign must be used when 
there is repulsion, and the lower sign when there is attraction. 

372. Lines of Force. — Take a horseshoe magnet. Fix it 
upright, and place over the poles a sheet of cardboard. Now 
scatter fine iron filings over the cardboard, tapping gently 
meanwhile the latter. It will be seen that the filings arrange 
themselves in perfectly regular curves about the magnet. 
These curves are called the lines of force (Fig. 123/). 

It would be an interesting exercise for the student to obtain 
them with different arrangements of magnetic poles. The lines 
of force are graphical representations of the action of magnetic 
force. Where they are close together this denotes a region 
where the force is very strong, and where they are very far 
apart this denotes a region where the force is very weak. 
Should the lines be parallel the field of magnetic force is 
uniform. If a very small magnet be placed in. a ^e.\d q»1 
mag-netic force it will place its longer d\ree\I\Qtv ^»o ^'^ V^ ^^ ^ 
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tangent to the line of force passing through its centre. This 
is precisely the behaviour of the particles of iron in the above 
experiment. Every particle becomes magnetised by induc- 
tion, and then turns itself so as to be a tangent to a magnetic 
curve. It can be readily shown that the shape of the magnetic 
curves is a direct consequence of the fundamental law of the 
preceding article. 

373. Intensity or MMnetie Field. — To express in 
numerical terms the strength of any part of a magnetic field 




we suppose that a uitil fok is placed there, then the force 
expressed in dyues acting upon it will measure the intensity of 
the magnetic field. To measure the intensity of the earth's 
magnetism at various places is an important problem in mag- 
netism, for although in a limited area the force may be con- 
^dered uniform, yet the intensity differs very notably in different 
parts of the earth. Magnetism in this respect thus resembles 
gravity, and just as we may compare the value of the accelera- 
tion of gravity at different places by ascertaining the time of 
vibration al (he.se different locaWties feij means <rf an ordinary 
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pendulum, so may we compare the values of the magnetic 
intensities by using* a magnetic pendulum. 

374>. The Method of Vibrations. — The direction of the 
earth's magnetic force is the same as the dipping needle, hence 
a dipping needle would be the kind of magnetic pendulum re- 
quired ; and a determination of its time of vibration would 
provide us with a measure of the local intensity. Instead, 
however, of using a magnetic pendulum vibrating under the 
total intensity of the earth's magnetism, it is more usual to 




Fig. 123^. 



illow only the horizontally resolved portion to be operative. 
This is secured by hanging the magnet in a stirrup so that it 
2an vibrate horizontally. An apparatus convenient for the 
jurpose is shown in Fig. 123^. The magnet is suspended in 
I light stirrup j, and supported by a few silk fibres held by a 
look ^, that is supported by the cap c fitting a glass tube / 
itted to the collar c\ A narrow window w allows the magnet 
o be observed. The time of vibration is ascertained by noting 
he times at which the incjevms^rk m (^cot\s\s\Atv^ oS. ^ ^\fev:«. ^^ 
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paper g"ummed on the end of the magnet) crosses the line i i ' 
ruled on a piece of mirror glass placed at the bottom of the 
box. Let us suppose the time of vibration / has been correctly 
ascertained at a place where the horizontal magnetic force is 
H. Let the observation be now repeated at some other 
locality where the time of vibration is /', then if h' is now 
the horizontal intensity, we shall have the following" rela- 
tion — 

H f^ 



— / 
H 



"75 » 



or the horizontal intensities are inversely as the squares of the 
times of vibration. 

375. The Moment of a Masnet. — Suppose N s (Fig*. 123A) 
be a magnet free to move in a uniform field of force of unit 



W< — 



NL 



N' 



Fig. 123//. 



]S 



->-1^ 



strength. If it be deflected out of its position of rest N s to 

the position n' s' perpendicular to the lines of force it will have 

now a tendency to return to its original position, for it is acted 

upon by two equal and opposite forces each of strength w, 

where m is the strength of each of the poles. In other words, 

it is under the action of a couple. Now the turning power of a 

couple is measured by the product of one of the forces by the 

perpendicular distance betweetv lYvercv. \tv \\ve ^^tMvoaLVar case 

under consideration the moment o^ V\ve m^c^tve-Wc cQ^\^«i\sm\^ 

where /is the distance apart ot tVve ^o\es. \V\^ ^qw^tvv^vJl \a 
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give a special name to this product, and to call it the taotiiail 
of the magnet. Hence if the moment of the mag^net be denoted 

370. The Metbod of Deflectlona. — To compare the mo- 
ments of magnets it is ci^nvenient to use an apparatus such as 
19 shown in Fig. 123^. It consists of a compass box with a 
small pivoted magnet at its centre, and provided with a long 
pointer//' which moves over a graduated circle. The appara- 
tus is placed so that the two graduated arms A and B are at 
right angles to the magnetic meridian, and then one of the 
magnets N s under comparison is placed as shown. This mag- 
net causes the compass magnel to be deflected from its position 




of rest. The angle of deflection is observed, and the magnet 
N s replaced by another one, taking care that its centre is at 
the same graduation mark on the arm a that n s was. Then 
the moments of the magnels will be dti-ectly as the tangents of the 
cUfleclions. 

377. Detennlnatlou or tha Horisontal Intmisltr of the 
Earth's Macnettwa.— If we first determine the time of vibra- 
tion of a magnet by the use of the Vibration Magnetometer, 
and then use it to deflect the magnet of the Deflection 
Magnetometer, the double observation will enable us to as- 
certain not only the horizontal intensity of the earl.Ka w.a.'gRtV 
tsm, but also the moment of the magnet. Pot caWvn^ \;cie. 'feCTi. 
M and the second H the vibration obseo/aVrow ^vves 



M H ^ 



'vVN 
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where the quantity A can be expressed. in terms of the time 
of vibration, the dimensions, and mass of the magnet. The 
deflection observation g'ives 



M 



(2) 



where B involves the tangent of deflection and the distance 
apart of the centres of the two mag'nets. From the two 

equations (i) and (2) it is easy to find both 

H and M. 
378. The Mairnetic Elements. — \Vc 

shall have full knowledge of the magnetic 

condition of a place if we know : — 

(i) The Magfnetic Declination. 

(2) The Magnetic Dip. 

(3) The Total Magnetic Intensity. 

These are called the Magnetic Ele- 
ments. We have indicated the method 
of ascertaining the first two. The third 
may be calculated from a knowledge of 
the dip and the horizontal magnetic in. 
tensity, as may readily be seen by considering the triangle 
ABC (Fig. 123/). The total force T is represented by the line 
A B, and its two components the Horizontal Force H and the 
Vertical Force V by the lengths B c and A c respectively. 
The angle ABC, which may be denoted by z, will be the 
angle of dip. Hence we shall have the following relations 
amongst these quantities : — 

t2 = h2 + v^ (i) 

tan / = ^ (2) 

H 
COS i = (3) 
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ELECTRICITY IN MOTION 



Lesson XLV. — Voltaic Batteries 



379. Early History. — In the year 1786, Galvani, Professor 
of Anatomy in Bologna, remarked that convulsions were 
produced in the leg* of a frog* when the lumbar nerves were 
connected with the crural muscles by 
means of a circuit composed of the 
two metals iron and copper (see 
Fig. \2yn\ and he attributed the 
effect to electricity inherent in the 
animal. 

Shortly afterwards the subject was 
taken up by the celebrated Volta, 
who came to the conclusion that the 
source of electricity in Galvani's ex- 
periment was the contact of two 
heterogeneous metals ; and he was 
soon led by this view to construct a 

pile, which is "the origin of the Galvanic or Voltaic batteries 
of the present day. 

His pile was of very simple construction. He built on a 
wooden base and supported by three glass pillars a number 
of discs placed in the following order : — a disc of copper, one 
of zinc, and one of cloth or flannel moVsletved ^\>i>cv ^ev^xjSaJvaAL 




Fig. 123m. 
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water ; then copper, zinc, cloth, as before, as shown in 
Fig. 123W. 

Now in such an insulated pile it may be shown, by means 
of the electroscope, that the lower half is charged with 
negative, and the upper half with positive electricity, and 
that the potential is greatest at the extremities, so that the lower 
copper plate is decidedly negative, and the upper zinc plate 
decidedly positive in its indication. If now the extremities of 
the pile be connected together by a wire, as in Fig. 124, the 
two electricities will tend to unite by means of this wire, and 
there will be a current of positive electricity flowing from the 
upper zinc to the lower copper ; or we might say with equal 
propriety, a current of negative electricity flowing between 




CLOTH 
ZJNC 

COPPER 




Fig. i23«. 



Fig. 124. 



the lower copper and the upper zinc ; but, for the sake of 
simplicity, we only speak of the positive current. And in 
order to complete the circuit, the current of positive elec- 
tricity will flow in the pile itself from the zinc to the cloth, 
and from the cloth to the copper above it, and so on. 

Now this combination of the two opposite electricities will 
be attended by heat, and thus we have a heating effect pro- 
duced when a voltaic pile has its terminals connected together 
by means of a wire. 

380. Simple Voltaic Battery.— Volta afterwards replaced 
his pile by another arrangemetvt, -wVvvcVv Vv^ caWad a. crown of 
cups. This arrangement '\s exYubMed \tv Y\^. \'iv "^^^^^^ ^'^ 
zinc and copper plates are contvecled \>^ v^Xt^s ^xv^^Na-c^eLNs. 
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g^lass vessels containing dilute sulphuric acid. This liquid 
corresponds, therefore, to the acidulated cloth discs placed 
between the zinc and copper in the original pile ; and just as 
in the pile when the extremities were connected together 
there was a current of positive electricity proceeding from 
the zinc to the cloth, and from the cloth to the copper through 
the pile itself, so here there will be a current of positive 
electricity proceeding from the zinc through the liquid of the 
pile to the copper, as denoted by the arrow-heads. 

381. Theory of the Pile. — Now V^olta explained the effect 
produced by the voltaic battery, by supposing that a separar 
tion of the two electricities is produced by the contact of 
heterogeneous metals. Thus in the original pile when a zinc 
and copper plate are laid together, he imagined the zinc to 
become positively and the copper negatively electrified, and 




Fig. T25, 

a forcible electrical separation to be thus kept up at the points 
of contact of the two metals as long as they remain together. 
He further supposed the total effect to depend on the number 
of elements in the pile, so that the accumulated action of 
the elements of a large pile might become very intense. 

It is readily seen that this will be the case by referring to 
Fig. 124. For let us take the middle copper and zinc plates 
of this Figure, which are in contact with each other, and 
denote the electricity of the copper plate by - 1 , while that of 
the zinc plate is + i ; this difference being forcibly kept up 
by the-contact of these two heterogeneous metals. The con- 
ducting cloth conveys the state of this zinc plate to the copper 
immediately above it, which will therefore be -V \ % ^"cA %\xyK-^ 
the zinc is supposed to be two units ttvore ^o^vXan^ >(Nvaxv ^^e. 
copper in contact with it, the state oi l\\e xvwc ^\aVei vcv cwv- 
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tact with this copper will be + 3. In like manner the state of 
the hig^hest zinc plate will be + 5. 

Goings downwards now from the middle copper plate, this 
will communicate its charg"e ( — i) by means of the cloth to 
the zinc below it, of which the charge will therefore be - i. 
But the copper in contact with it will be two units more 
negative on account of heterogeneity, and will therefore 
be — 3 ; while in like manner the lowest copper will be —5. 
Thus for five pairs there will be an electrical difference between 
the top and bottom of ten, or five times as much as that 
given by a single pair. 

Nevertheless Volta appears to have erred, in his ignorance 
of the laws of energy, by supposing that the mere contact of 
heterogeneous metals could account for the large amount of 
energy exhibited by a voltaic battery when its extremities are 
connected together ; for then it generates heat, and is capable 
of performing mechanical work of various kinds. 

It is, in fact, a powerful kind of energy, and this electricity 
in motion has been described by us in Art. 108 as one of the 
varieties of molecular energy. Indeed, it is very manifest 
that since the tendency of electricity is to equalise itself, in 
order to procure a continuous stream of electricity ^we must 
have a reservoir which is always giving it out, just as much as 
in order to obtain a continuous flow of water we must have a 
reservoir of some kind containing water. 

Now the mere contact of heterogeneous metals cannot 
supply us with a constant stream of electricity, for if it 
could we should at once have a kind of perpetual motion, 
which is manifestly impossible. We must, therefore, look 
somewhere else for the source of the energy of the voltaic 
circuit. 

It was seen by those who came after Volta, that in order to 
produce a continuous current of electricity a quantity of the 
oxidisable metal of the circuit must, so to speak, be burned, 
being converted into a metallic salt ; and they imagined that 
the electrical separation of the voltaic pile was due to this 
chemical action, and not to the mere contact of heterogeneous 
metals. 

332. Volta' 8 Error. — Bui S\r "W. TVom^ow Vjvorw \^\4. 
Kelvin) has made an experiment, vj\vvc\v a-v^e^^^^ Vq ^Vqw SJwaX 
Volta was rig-ht in supposing l\ve e\eeU\c^\ ^V^^^^^^^^ ^^ ^ 
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caused by the contact of two heterogeneous metals, while he 
was wrong- in imagining that work can be done by the voltaic 
arrangement without the consumption of some such fuel as 
zinc. Thus there is probably a sort of electric irritation kept 
up at the point where the two heterogeneous metals come 
into contact ; and when the battery is at work, this irritation 
proves a kind of predisposing cause, in virtue of which the 
potential energy of the fuel zinc is converted into an electric 
current in the first instance, and after that most frequently into 
heat. Perhaps it is wrong to suppose that the electrical irri- 
tation is entirely confined to the points of contact of the 
heterogeneous metals, and that nothing is due to the nature of 
the liquid. The points of contact of the heterogeneous metals 
must, however, be regarded as the 
chief source of electrical separation. 

383. Thomson's Crucial Bxperi- 
ment. — The important experiment 
made by Thomson was of the follow- 
ing nature : — 

Let m denote a metallic needle, 
movable round the point m in the plane 
of the paper, and let c and z denote 
two semicircular rings — the one {c) of ^^^' '^^' 

copper, and the other of zinc, both 

being soldered together ; then if m be charged with positive 
electricity it will turn from the zinc to the copper, and if charged 
with negative electricity it will turn from the copper to the zinc. 
This behaviour may be explained by supposing that in conse* 
quence of the contact of the two metals, copper and zinc, the 
copper becomes negatively and the zinc positively electrified. 
Therefore in a zinc and copper battery this electrical irritation, 
which is kept up at the junction of the two metals, will cause 
a current of positive electricity to flow through the liquid from 
the zinc to the copper. 

J. J. Thomson has shown that when a rod of glass is united 
to one of sealing-wax their surface of contact becomes the seat 
of a permanent electrical separation in virtue of which the 
glass will be found to be charged w\tV\ pos\\ANe ^tA'Oa^^'sc*^ 
with neg-ative electricity months after t\ve tvjo VvaLNe \ifee.xv>M\xNj2A 
tog-ether. The electrical separation caused \>>f VVve o-o^V^^*^ ^"^ 
heterogeneous bodies is thus seen to be aissocX^teeL >»5\'^'cv ^a«v- 
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conductors like glass and sealing-wax, as well as with con- 
ductors like copper and zinc. 

384. Definition of Blectromotive Force. — But whatever 
may be the true origin of the electrical separation which takes 
place in a voltaic battery, it is the tendency of the separated 
electricities to unite that produces the current, so that the in- 
tensity of the electrical separation becomes the measure of 
what we may term the electromotive force which is often 
abbreviated to E. M. F. 

385. La^ir of £. M. F's. — Wheatstone devised a means of 
measuring the electromotive force of different combinations. 
He found from his experiments that if platinum and an amal- 
gam of potassium be used as the two plates of a battery, the 
electromotive force or intensity of electrical separation may 
be called 69. He also found that the electromotive force be- 
tween a platinum and a zinc plate is 40 ; while that between a 
zinc and an amalgamated potassium plate is 29. 

We derive from this experiment a very interesting result. 

Thus if platinum be our negative and zinc our positive 
element, we get 40 as the value of our electromotive force ; 
again, if zinc be our negative and potassium our positive ele- 
ment, we get 29 ; but if, instead of going in two steps from 
platinum to potassium, we go in one step, and make a com- 
bination of these two metals, we get 69 at once. 

In fine, the electromotive force between any two metals is equal to I 
the sum of the electromotive forces between all the intervening ffietaU. 

386. The £. M. F. Series. — The various metals in the 
following table are classified according to their order in the 
electromotive series. Thus we have — | 

Table No. 41.— Electromotive Series. 

Electro-positive, 

Potassium. Nickel. 

Zinc. Bismuth. 

Cadmium. Antimony. 

Lead. Copper. 

Tin. Silver. 

Iron, Q»o\^. 

E lectro-ne§atii)c. 
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That is to say, if potassium be brought into contact with zinc, 
it will be charged with positive electricity ; and generally, any 
metal brought into contact with one under it in the series will 
be positively charged ; while if brought into contact with one 
above it in the series, it will be negatively charged. 

It is, however, important for the student to know that the 
order depends upon the liquid in which the metals are im- 
mersed. 

387. Study of a Simple Cell. — When impure zinc is placed 
in dilute sulphuric acid it dissolves with evolution of hydrogen 
gas and the formation of zinc sulphate. The reaction, repre- 
sented after the manner used by chemists, being : — 

Zn + H2SO4 = ZnS04 + Hj 
Zinc + Stcir"^ = Sj^hate + "y*'™^- 

But if the zinc be perfectly pure, or if the surface of the impure 
zinc be amalgamated with mercury, the acid will be found not 
capable of dissolving zinc of this 
kind. Let such a piece of zinc be 
immersed in dilute acid and be con- 
nected with a piece of copper also 
immersed in the acid (see Fig. i26«). 
Bubbles of hydrogen will now be 
seen to be evolved from the copper^ 
whilst the zinc is dissolved to form 
zinc sulphate solution. An electric 
current will meanwhile flow from the 
electro-positive metal zinc through 
the liquid to the electro-negative 

metal copper, and from the latter back to the zinc by the con- 
necting wire. The end of the negative plate of copper outside of 
the liquid is called the positive pole, and the corresponding 
end of the positive plate of zinc is called the nesative pole. 

When a battery consisting of zinc and copper plates im- 
mersed in dilute sulphuric acid has been some time in action, 
it is found to be greatly enfeebled. This arises from two 
causes ; for, in the first place, the sulphunc ac\d va ^^d\«S5c<^ 

1 To understand why the hydrogen come* from iVve cov&« ^'^^ ^'^^^^W^^x 
zinc the student must be referred to the theory ol f\ecVcoVj«s. ^n«w \sv 
articles. 
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used and converted into sulphate of zinc. In the next pUce, 
it is found that the electro-positive hydrog'en, which is set 
free by the action of the battery, adheres to the electro- 
negative copper plate, and that in consequence of this adhesion 
there is a tendency to send a current in the opposite direction 
due to the opposing electromoUve force set up between the 
hydrogen and the zinc. Thia effect is called ZEtcctroljtlc 
Polartsatlon. 

3Sa. ConatMit Bktterlea, Daotell's. — Both of these objec- 
tions are removed by u^ng a constant battery. This form of 
battery was first invented by Daniell, and its mode of action 
will be understood by reference to 
Fig. iiy, which represents a single 
cell of a Daniell's battery. 

We have, in the first place, an 
outer vessel, made let us say of 
copper, containing a saturated solU' 
tion of sulphate of copper, and in 
this there is a small shelf containing 
some spare crystals of sulphate of 
copper to replace those that are de- 
composed as the action proceeds. 
There is also an inner cylindrical 
^"^- "T- vessel, consistingofporouaeartben- 

ware, through which the particles 
of a fluid may easily pass. This inner vessel cont^ns dihile 
sulphuric acid, and in it is placed the electro-positive element. 
consisting of a cylinder of amalgamated zinc. 

The electro-negative element, on the other hand, consists 
in this case of the copper of the outer vessel. When this 
battery is in action (he amalgamated zinc of the inner vessel 
is gradually dissolved by the dilute sulphuric acid, and tlK 
liberated hydrogen finds its way through the pores of the inner 
vessel towards the copper plate. It is acted upon by the 
sulphate of copper, which it decomposes, forming sulphuric 
acid and copper- The copper is deposited on the copper 
plate and the acid finds its way into the interior porous vessel, 
where it replaces that wliicVi Vias been t(«iB«med. Also tlie 
sulphate of copper, whicVv tas becw asei «v 'Oo\s ^msss^-s. 
replaced fay the spare su\pha^e horn vVe sV<M.. ■^^■» "^^ 
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of the outer, are kept of constant strength, while the surface 
of the copper itself is kept bright through the deposition of 
new particles produced from the decomposition of the sulphate. 
The reactions taking place in the cell may be represented 
by the chemical equations : — 

Zn + H5SO, = ZaSO, + H, 

7. „ , Sulphuric _ Zinc , „, . , 

^'""^ + Acid = Sulphate + "y'l™Ben 

CuSO, + H, = HjSO, + Cu 

surp^fat; + Hy^-g- = '"&*= + C°PP-' 

It Is found that a battery of this kind will remain constant 
for a very long: time, especially when, instead of being chained 
with dilute sulphuric acid, water only, or a solution of zinc 
sulphate, is used. The form of Daniell battery largely used in 
the Telegraphic Service of the United Kingdom is shown in 
Fig. I2ja. It consists of a leak box lined with marine glue 




and divided into a number of compartments or cells by slate 
partitions. Each cell has a porous partition dividing it into 
two halves, in which are alternately placed zinc and copper 

Amalgamation of the zinc was first practised by Kemp, who 

found that zinc so amalgamated is not attacked by acid'«V\\te.*Aift. 

battery is nol in action. He also found ^.\^^Ll■«\ftv^.wa^^xta^s^ 

zinc the current is both more regular and moireXnVexi'sfc '*'»»■ *- 

Is with ordinary zinc. 
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889. OroTe's BMUiT. — There are other kinds of constant 
batteries, and one of the best and most powerful is that erf 
Grove. In it the amalgamated zinc is placed in an outer glass 
vessel along with some dilute sulphuric acid, and the hydrogen 
which is liberated during action finds its way into an inner 
porous vessel, which cont^ns the electro-negative element, 
consisting of a thin slip of platinum immersed in strong nittic 
acid. The hydrogen, when it comes in contact with the nitric 
acid, is converted into water, and does not therefore attach 
itself to the surface of the pUtinum. The reactions taking 
place may be represented as follows : — 



Zn + 
Zinc + 



Sulphuric _ 



ZnSO, 



Hg 



= Sulphate -^ "y'°S^' 
HNO,+ Hj = H,0 + HNO, 



The reducing ai 
reducing the nitr< 



on of the liberated hydrogen may result 
5 acid if the battery be kept 



for 



390. BnwMD'a BsttUT' — "^his is in all respects similar to 
Grove's, excepting that instead of the expensive metal platinum 
a coherent kind of carbon, known as 
gas-carbon, is substituted (Fig. 1271^). 
The Bunsen cell, like the Grove, is 
capable of ^ving a strong constant 
current for some hours, and was for- 
merly used in electrical laboratories 
whenever this was required. It is 
now replaced by the dynamo and 
storage cell. 

391. Tha Bichromate Bkttwr. 

—The use of nitric acid in the bal- 

Pic. „ji. teries of Grove and Bunsen is open 

lo the objection that disagreeable 

fumes are produced. Various attemijl.a Kave been therefore 

made to substitute an oxidismg ageitt. X-^av "« ^Tce ^^c«r «» 

objection. Chromic acid "is now vm-j \a.i«c\-j «*ftA ^m v-Aa 
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purpose, either directly or in the state of b'ichroma.t;e of 
potash or of soda. A solution of one of these substances 
is usually mixed imth sulphuric acid to form the battery 
solution. When used without a porous pot, and with plates 
of carbon and zinc, a strong electric current can be ob- 
tained, which however is wanting: in constancy. Fig. izjc 
shows the form often used for the purpose of exciting medical 
coils. It Is known as the PoggendorfF bottle form. It has 
two plates of carbon metallically connecled to a binding 
screw let into the ebonite top cover. Sliding between the two 




carbons is a plate of zinc connected to a second binding screw. 
When the cell is not in use, the zinc should be pulled up out 
of the liquid. 

3Sa. Th* IiaclancU Bstteir-— As in the three last men- 
tioned batteries zinc and gas carbon form the po^live 
and negative plates. The exciting 'liquid is a solution of 
ammonium chlnride (commonly called sal ammoniac). This 
attacks the zinc, forming zinc chloride WiVVv Vnt eNQ\\i<.»Ycv (*. 
a and hydrogen. To ox\d'ise \.\ie \aVi.fc maiigo.tw.st 
■ u.wd. The ordinary form rf l\\ft C-eW \* *Vc™« ^^ 
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Fig, 127^, It consists oFa glass jar containing a rod of zi 
and a porous pot P within which is a carbon block c packed 
round with a mixture consisting of small (neces of carbon and 
pyrolusite, which is the native manganese dioxide. A saturated 
solution of sal ammoniac is placed in the outer g'lass pota ; when 
this has soaked through to the carbon, the cell is ready for use. 
The reactions taking place are as follows : — 

Zn + sNH.Cl = ZnCi, + 2NH, + Hj 

~. , Ammonium Zinc , . - , u .j 

^'"^ + Chloride = Chloride +'^"'°""*+"j"'™sen 

2MnO, + H, = Mn,0, + H,0 

Dioxide 

The liberated ammonia dissolves in water. This battery i9 
very largely used for the purpose of ringing electric bells, for 
which purpose it is very suitable, for 
although not constant in continuODS 
closed circuit, it is capable of remain- 
ing in action for a considerable period 
if It has intervals of rest, which occurs 
in the ordinary use of electric bells. 

3B3. TliMiDO<electrie Cnrranta.— 
We have already alluded (Art. 290) 
to the current which takes place when 
we heat a junction of copper and 
bismuth. The existence of this cur- 
rent was first discovered by Seebech, 
Fig. 117.^. s-nd it may be eadly demonstrated by 

means of the arrangement of Fig. 94. 
Thus, if » I be a needle, of which « is the marked pole, and 
if the junction at the right be heated by a spirit-lamp, as in 
the figure, we shall have a current of electricity passing at the 
heated junction from the bismuth to the copper, its direction 
being denoted by the arrow-head. Hence (Art. 395) the 
marked pole of the needle will be deflected as in the figure. 

Such a couple is called a thBrmo-eleetrle couple, to dis- 
tinguish it from an ordinary couple, which may be termed 
tvdro-alaetrlc. The strength or inlBYvaft^ o( \i*. tatremt ■•rill 
of course depend upon the eVectiorocAiNe totte ol ■&« v-ao 
metals which form the pile, and we ma-j ^Vvia iTa-w m'? i-i* 
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of metals such that the positive current shall go across the 
heated junction from the metal nearest the top to that nearest 
the bottom of the list. The following is such a list : — 



Table No. 42.- 


-Thermo-Electric Series. 


Bismuth. 


Silver. 


Nickel. 


Zinc. 


Lead. 


Iron. 


Tin. 


Antimony. 


Copper. 


Tellurium. 


Platinum. 





We see that the metals bismuth and antimony are near the 
opposite extremities of the list, and as they can be easily pro- 
cured, they are often used in thermo-electric combinations. 



ANtlMONV 




Fig. 128. 

A law holds with respect to this series similar to that which 
held for the series of Art. 386. 

Thus in the circuit of Fig. 128, if the wires at the two 
extremities be copper wires leading to the galvanometer, or 
instrument for measuring the intensity of the current (see 
Art. 291), and if we have at A a copper and tin junction, 
while at B we have a tin and antimony junction, and at c an 
antimony and copper junction, and if we heat through 1" C. 
the copper and tin, and also, at the same time, the tin and 
antimony junction, we shall get a current of the same intensity 
as if we heat at once the copper and antimony junction 
through the same temperature range. Only we see from the 
figure that the latter current will pass along the circuit in an 
opposite direction to the former, so that the practical effect 
of heating all the three junctions together to the sanve. e.xl«.vA- 
wW be to generate currents which canceV otve ^tvoiOtvex. 
394-. Cnmming'u Effect.— W\tV\\t\ cetVaXtv \\vcCv\.^ ^«^ 
strength of the current produced \>^ ^ xXvex^o-^"^^*^"^^^ 
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arrang"ement is nearly proportional to the difference of tem- 
perature between the two junctions, but when the heat applied 
is very intense, the current sometimes changes its direction. 

This is the case more particularly with a circuit of copper 
and iron ; and Gumming^ has shown that while at an ordinary 
temperature the current goes across the heated junction from 
the copper to the iron, at a red heat it becomes reversed, and 
passes from the iron to the copper. This phenomena is called 
Cumming's effect. 

Lesson XLVL — Effect of the Electric Current upon 

A Magnet. 

395. The Discovery of Oersted. — Oersted, Professor of 
Physics in Copenhagen, discovered in 1819 the connection 
between an electric current and a magnet, a discovery that 
has since led to the construction of electric telegraphs be- 
tween distant places. 

In order to represent Oersted's experiment, let us take a 
horizontally pointed magnetic needle (Fig. 129), which will of 




Fig. 129. 

course place itself in the magnetic meridian. Parallel to the 
length of the needle, and immediately above and below it, let 
there be copper wire through which a current may be made 
to pass by attaching wires from a battery to the hooks. As 
long as there is no current passltvg tKrough the wire, the 
needle will remain in its ordinary pos\WoTv,>c»a\.\^ ^ cAvcTew\.\sfc 
made to traverse the wire, the need\evj\\\Va>?^eB.v^^xNAOTv w^^xVi 
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at right angles to the current. The behaviour of the needle 
"will vary with the direction and position of the current, 
and the relation between the two will be best remembered 
by help of the following aid to memory known as Amph'e's 
rule. 

Imagine the observer to lie down in the current, so that 
the positive current enters in at his feet and goes out at his head. 
If now his face be always turned towards the needle he will 
find that the action of the current will be to deflect the marked 
pole of the needle to his left hand. 

Let us appjy the rule in the following cases : — 
Case I. — Let the current be above the needle, and go from 
magnetic north to south. 
In this case the marked pole of the needle will be deflected 
towards the east. 

Case 2. — Let the current be above the needle, and go from 
magnetic south to north. 
In this case the marked pole of the magnet will be deflected 
towards the west. 

Case 3. — Let the current be below the needle, and go from 
north to south. 
In this case the marked pole of the needle will be deflected 
towards the west. 

Case 4. — Let the current be below, and go from south to 
north. 
In this case the marked pole of the needle will be deflected 
towards the east. 

Another rule that is sometimes used is that when the 
current flows from 5outh to iVorth 6^ver the needle the 
marked pole is deflected to the ^est, as in Fig. 129, which 
is easily remembered, since the italicised letters make up the 
word s- N-o-w. 

395a. Lines of Force due to a Straight Current. — The 
relation between the direction of the current in a straight wire 
and a magnetic pole may be conveniently summarised by 
ascertaining the direction of the magnetic lines of force about 
the wire. This may be done in the following way. Through 
a stout copper wire A B (see Fig. 129^) placed vertically, send 
a strong current, "Let the wire pass tV\roM^\v ^ VvcJ^^Xtv^Voxv- 
zontal sheet of cardboard or glass. Novj scaAXex ^^ns. '^'^^^ 
filingrs on the card and gently tap the sVveeV, 'Wvfe^^^^'S^ ^^ 
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be found to set themselves in circles around the central wire 
as shown in the diagram. The lines of force hence are circles, 




and the north pole of a magnet will tend to rotate round the 
wire in one direction and the south pole in the opposite direc- 
tion, in other words a magnet n s will tend to place itself as a 
tangent to the lines of force. The direction of the north pole 
will follow at once by applying Ampere's rule as shown in Fig. 
129^, where the current is supposed to be flowing upwards from 




Fig. 129^. 



Y to X, when the north pole of the needle will be deflected in 
the direction of the arrow. 
396, Galvanometer.— Taking advatvla^e o^ >i?cC\s ^cXxotv ^ 
electric currents upon magnets, we are etvaNAed. Vo cowsXxxxe 
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Fig. 129c. 



a very delicate instrument for indicating' the existence of such 
currents, and for measuring^ their intensity. It is called a 
g'aivanometer. 

Let us begfin by supposing that a current passes in the plane 
of the magnetic meridian, vertically above and below a deli- 
cately suspended needle, as in Fig. 129^, 
the direction of the current being denoted 
by the arrow-heads. The current above 
the needle will, by Case 2, cause the 
needle to turn so as to place its marked 
pole a above the plane of the paper, and 
by Case 3 the current below the needle 
will have a similar action. Thus the 
action of the two currents will supple- 
ment each other. Now if the current 
be coiled many times round about the 
needle in the same direction, as in the figure, before it is 
brought back to the battery, and if each of these turns be 
insulated by inclosing the wire in a non-conductor, then 
will the various turns of the coil supplement each other, 
and their united action upon the needle will become very 
powerful. 

An instrument constructed in this way is called a Simple 
Galvanometer y of which there are two types, according as the 
needle moves, as in Fig. 129^, in a horizontal or in a vertical 

plane. The latter is the least delicate . 
of the two, but it is more convenient for 
use in telegraphy and for general use 
for detecting currents. 

397. Astatic Galvanonieter. — In this 
arrangement the struggle is between the 
directive force of the earth tending to 
keep the needle parallel to the wires, 
and the influence of the current tend- 
ing to bring it into a position at right 
angles to the wires, and the apparatus 
will be rendered much more sensitive 
if we can overcome the directive force of iVve eaxXJcv. 

This is done by havings two magnetVc tvee^e^s Q*^ ^^ ^'^'^'^ 
strengrth, suspended as in Fig. 130, iVve otvc; xve^^e^ ^'^^^ 
vholJy above the current, and having \ls ^oVes ovV^^^*^"^ ^ 



vX^ 




Fig. 130. 



414 ELEMENTARY PHYSICS chap, x 

other ; such an arrangement will have no directive force, and 
it is therefore called an astatic system of needles. 

Ag^ain, it will be seen that the action of the upper current on 
the upper needle will tend to twist b' above the paper, while 
that of the lower current will be in the opposite direction ; the 
lower current is, however, further removed from the needle 
than the upper current, and the latter will therefore predomin- 
ate, and hence the needle will be twisted round so as to place 
b' out of the plane of the paper. 

Now the lower needle will, as we have shown, be twisted 
round so as to place a out of the plane of the paper, and hence 
the two will be twisted by the current in the same direction ; 
while the directive force of the earth, which opposes this 
motion, is either altog'ether cancelled or rendered very small, 
since the two needles are of the same strengfth and oppositely 
placed. Another method of renderings a needle astatic is that 
exhibited in Fig* 97, and described in Art. 291. 

The sensibility of a galvonometer depends upon : — 

(i) The strength of the current circulating in its coils. 

(2) The number of coils. 

{3) The distance of the coils from the suspended magnetic 
system. 

(4) The intensity of the magnetic field in which the sus- 
pended system is placed. 1 

Thus if we double the number of coils round the needle of a , 
. galvanometer, without altering their distance from the needle, 
we double the action of the current upon the needle. In like 
manner, if without altering the coils or the distance we double 
the strength of the current which passes, we also double the 
action. 

398. The Mirror Galvanometer. — If the needles be not 
only astatic, but if they be also delicately suspended, and 
furnished with a mirror so as to reflect a spot of light upon a 
scale, then, as in Art. 291, the arrangement will be one of 
extreme sensibility. 

A galvanometer of great sensitiveness may be constructed 

by suspending the magnets by means of a single fibre of 

unspun silk and having a small concave mirror attached to 

the magnets to indicate lV\e de^eeWotvs \srvj NJaa T^S^iOaocw vi\ 

the light of a lamp (see Fig. 13^0^ otv ^ sc^Ve^ ^, ^Ns^.^^e^'sa 

as to be shaded from the day Vv^VvX \>>r m^^^ oi ;^\.q.^^.v^ 
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other arrangement. The g:alvanometer D may be enclosed 
within a brass box supported by a tripod of brass and provided 
mth levelling' screws. A inag;net e, called the directing 
magnet, capable of movement up and down the vertical rod, 
is used to set the reflection to the middle of the scale and 
also for the purpose of varying the sensibility of the Instru- 

The mirror galvanometer possesses the great advantage 
that the deflections of the mirror, as measured by the move- 
mentof the spot of lighten the scale, are simply prefortional 




te Ike current strength. Thus the relation betvveen any observed 
scale reading d and the strength of the current c may be 
expressed as follows :— 

where k is a constant that depends on the number of coils, 
their distance from the magnet, and the intensity of the 
magnetic field. 

Example. — If the constant of a mirror galvanometer be '0002, 
calculate the strength of the current which ^ves 50 divisions 



n the s 
Answer.— Th^ c 



It strength will be 



a»9. The Tanrent Oalvanonaeter. — ttoa la aMj'CRtt iti"^ 
use/ii/ insfrument. It consists of a venica\ c«c\e a'ooaX »■ ^™*- 
I diameter, which is placed in the magrveWc vnet'^^w^ l^-*' 
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130^). Wire is wound round the circumference of the hoop A 
(that is fixed to the base c), through which we have the means 
of passing- the current whose strength we wish to measure. 
At the centre of the circle we have a small magnetic needle 
within a compass box B, which will, when there is no current, 
lie in the plane of the hoop A, when this has been placed in the 
magnetic meridian. 

But when there is a current the magnet will be deflected, 
and it may be shown that the strength of the current will be pro- 




Fig. 130^. 

portional to the tangent of the angle of deflection ^ provided the necdk 
be small compared to the size of the circle. 

Expressing this last statement in a formula, we have 

c = K tan tty 

where c is the strength of the current, a the angle of deflection, 
and K a constant, which may be varied by altering the position 
of the directing magnet D. 
Example. — Compare t\\e slrenglVv oi N^v^ oaxretvXs NiVvOa. ocw 

the same tangent galvanon\e\.er ^\\e de^eeWoTva oil -jy? Ti.\v^ 

60". 



ESS. XLvii ELECTRICITY IN MOTION 417 

Answer, — The currents will be in a ratio of tan 30** to tan 60°. 

ow tan 30° = -^ and tan 60*^ = n/3« 

V 3 
fence i 

tan 30° _ V3 _ji 

tan 60" VS 3 

Example, — What is the strengfth of the current which gfives 
deflection of 45"" on a tangent galvanometer whose constant 

s? 

Answer, — Since tan 45* = i, and K = 5, then = 5. 

Lesson XLVII. -Electrodynamics and Electro- 
magnetism. 

399a. Deflnltion. — A wire through which a current is pass- 
ig has the power of producing mechanical force upon neigh- 
ouring currents. The study of these effects is a branch of 
lectrical science called Electro- dynamics. The subject has 

close connection with Electro-magnetism, and it will be 
DHvenient to study the two subjects together. 

400. Amp^e's Laws. — The mutual action of electrical 



Attraction 
> 



Repulsion 



Fig. \yx. 

urrents was first discovered by Ampere. It is subject to the 
)llowing laws : — 

I. Two currents which are parallel and in the same direcHim 
*/riu/^acA of^er, (See Fig, 130^.) 

ri. Two ^ra//e/ currents, but in the o^sitc direction re^l vm. 
/A^. (See Fig, 130c,) 
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In order to prove these laws experimentally Ampere devised 
the arrangement shown in Fig. i^od. It is known as AmpHrei 
stand. Two brass pillars are fixed to a stand and carry two 




Fig. i3<x/. 

horizontal brass arms having at their ends two cups x and y 
containing mercury. A conducting wire in the form of a 
rectangle is supported by its ends in the two cups so that 
it is freely movable and yet when the pillars are connected 
with the poles of a battery a current may be sent through the 
rectangle. By bringing near one of the vertical sides a 
straight wire also conveying a current, the Laws I and II may 
be readily proved. 

III. When two currents cross at a point they atttnct each other ^ 
if they both tend either towards the point or from it ; but f hey repel 
one another when they tend in contrary directions. 






Fig, 131. 



In Fig, 131 we have t\\e varvows ea-ses ol Ysl-^ WL» lathe 
two ng-h t-hand figures we see lYval \.Vve oartfevvVs axe^ xcvwSsn%>^ 
the same direction, either to or ^rom VVve aw^\«^, ^tv^ Vcosfc 
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they attract each other ; while in the two left-hand figures 

the currents are moving in opposite directions witli respect to 
the angle, and therefore they repel one another. 

This Law III. may be proved by suitable Operations arranged 
after the principle of the Ampire's stand. 

Next let us have two currents, a b and c d (Fig. 132), both 
movable around O as a centre in the plane of the paper. 

There mil be an attraction between a and c, and between 




b and d, as in the figure ; while on the other hand, there will 
be a repulsion lietween a and d and between b and c ; the 
tendency will therefore be to bring the two currents into the 

401. Goutlnnona Rotation Produced. —These laws will 

Thus let us take a vessel (Pig. 133) and c(n\ around it 




several layers of insulated wire, through which a current is 
made to pass ; let the direction of this current be feaWuei ^i-i 
the arrow-Aea Js in the figure. Now \el Ae a^^xaS.t» ■^« ^» 
arranged that while a current is c"icc\i\aV\ne ToanA. K, •Coe^* 
are- also currents passing through the viKes a b a^tA o. W » »* 
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in the figure ; we have thus two vertical descending currents, 
b and b'y near the circular horizontal current which goes 
round the copper vessel. The wire b a b' \s pivoted at a 
so that it can move quite freely, the ends of b and b' being 
connected to the battery by means of an annular trough 
containing mercury. Now when one of the vertical currents 
^ is at A it will be attracted by that part of the circular 
horizontal current to the left of A, since both tend towards 
the point A ; but the vertical current will be repelled by the 
portion of the horizontal current to the right of A, since the 

one current tends towards A, while the other tends from it; I 

I 

I 




Fig. 134. 

the vertical wire b will therefore pass in a direction the 
opposite of that denoted by the arrow-heads. 

The current b' will pass in the same direction, and thus 
there will be a continuous rotation of the vertical currents 
round their axis in a direction the ^ame as that of the hands of 
a watch. 

4>02. Action of Magnets on Currents. — Since currents ad 
on magnets (Art. 395), there ought to be a reaction of magnets 
upon currents ; and to study this we must leave the currents 
at perfect liberty to move. 
In Fig, 134 we have an ^.m^p^teiS sXslW^ \kXCiN\^^^ -«^v 
circular current with its pUtve verWc^X, vjVnOcv \^ ^t^^^ \o ^^as^ " 
itself in any position. 
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Now such a current will place itself so that the plane of the 
circle becomes perpendicular to the magnetic meridian. Also 
the descending current will be to the east, and the ascending 
current to the west. 

403. Solenoids. — Suppose now that we construct a system 
of circular currents connected together rigidly at right angles 
to a horizontal axis and with all the currents circulating in the 
same direction, it will behave exactly like a magnet. A system 
of this kind is called a solenoid.^ It would be difficult to con- 
struct such a theoretical solenoid, but a wire in the form of a 
helix with the two ends brought through the centre, as shown 
in Fig. 135, is practically one, for the current in the connecting 




Fig. 135. 

portions of the turns of the helix will be balanced by the oppo- 
site current in the straight wire, and hence the resultant effect 
will be that due to a system of circular currents. 

Let such a solenoid be suspended so that it is free to place 
itself in any direction, it will set itself so that the axis will 
be in the magnetic meridian. The solenoid in fact behaves as 
if it were a magnet, and will therefore point to the magnetic 
north. It will also be found that the currents descend on the 
east side, and ascend on the west side ; in fact, the action of 
the solenoid is similar to that of a vertical circular current. 
Fig. 134, and a number of such currents placed in a line con- 
stitute a solenoid. 

4>03a. Magnetisation by Currents. — Let a wire be wound 
helically round a glass tube as shown in Fig. i^S<^. It «va^ he. 
wound in one of two ways : — (i) As a r\g,Vvt-VvaLW<ie^\v€Mv*.% V?^ 
ss a left-handed helix. It will act like a ma.^w&V va\v€iTv ^ oax- 

^ From Greek o-wXiiv — a tube. 
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rent is sent through it, and the position of the north pole may 

be found by one of the two following' rules i — 

Xule I. — Place the end of the helix facing you, and if the 

electrical current circulates in the opposite direction to the hands 

of a watch this is the North Pole ; otherwise it is the South 

Pole. 
Rule //.—Imagine yourself swimming in the circular current 
and with the current, yow 
face being towards the centre 
of the coil, then the Narth ' 
Pole is on your left hand. 






If inside the coils a rod of 
iron a d (Fig, 1350) be placed, 
it will, when a current circulates through the coils, become 
powerfully magnetised, with the direction of its polarity tfae | 
same as the coil. Such an arrangement is called a straight I 

ELECTRO- MACNET. | 

Magnets produced in this way are much more powerful than 
natural magnets ; and a horse-shoe electro-magnet of this ; 
kind(P^g. i35i^),woundwith insulated copper wire, furnished with 
a keeper or cross-piece of iron connecting the poles, might be 
made so strong as to support a 

It has been found by Joule 
■that a bar of soft iron is length- 
ened when made into a power- 
ful magnet, and it has also been 
observed that at the moment of 
magnetization it gives out a 
peculiar sound. 

405. Amplre'B HypothcBiB. 
— It was suggested by Ampere 
that we may regard a magnet 
as a solenoid, each particle of 
which is traversed by a contini 
Fig. .3S<.) 

Then since the currents in the adjacent portions a 
i' and b", &c., are passing Itvese ^oUAa in te-ittse.* 
tfte currents in the intecna\ parts ViW iwATsKiaii ' 
feaving- only the exterior parts eSectwe,. 
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Hence, if we suppose a cylindrical magnet to be sus- 
pended with its marked pole pointing to the north, then the 
molecular currents (see Fig. 1351^) will descend on the east 
side of the cylindrical magnet, flow from east to west on the 
under side, ascend on the west 
side, and flow back from west 
to east at the upper side ; in 
fact, the direction of the mole- 
cular currents will be the 
same In such a. magnet as in 
the solenoid. 

This suggestion explains 
well all the known relations 
between magnets and cur- 
rents, and we may at least 
hypothecs. 

406. BxpUnatlon of Law of MaBoettBin, 
seen by this hypothesis why the marked pol< 




larked pole of another. For » 






all n 



ving 



ne magnet 
have here 
1 the same 



direction, so that the various elements of the first set of 
currents are parallel to those of the second set ; the currents 
will therefore attract each other by the law of Art. 400, that 
is to say, the two magnets will rush together. 

But if the marked pole of one magnet 1^ placed near the 
marked pole of another magnet, we are presenting to each 
other two sets of circular vertical currents, one set of which 




opposite in direction to 
nis will therefore repel 



we liave twisted round, so 
the other set ; the two set; 
one another by the same law 
407. Source of EIectro-m»EiLMlc 'Eftet«i.— "^e ^'*m 
alluded in Art. 401 to one way by which a. cvinwoS. m»-"i 
niade to produce continuous rotation. 
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Fig. 135^. 



Now a body in rotation is one form of visible energy, and 
if we set a current to produce this rotation we give it some 
work to do ; it must therefore employ part of its energy in 
order to do this work, and must in consequence be enfeebled. 
Therefore if we have two similar voltaic batteries each 
charged with the same amount of zinc and possessing the 
same amount of energy^ and if the one is allowed to convert 
all its energy into heat, while the other, by some arrange- 
ment similar to that we have described, performs external 
work as well, this second battery, in virtue of the external 
work it has got to do, will generate less heat than the other 
from the consumption of the zinc ; in fact, what is gained in 
external work done by the battery, is lost in heat generated in 
the battery. 

Lesson XLVIIL — Electro-Magnetic Induction. 

408. Faraday's Experiments. — If a conductor be in the 
neighbourhood of a current which remains constant in intensity 
and does not change its place, it is found that no current is ; 
induced in such a conductor. But Faraday made the very 

important discovery in the 
year 1831 that at the nionient 
when a current is formed^ it 
produces in a conductor near it 
a momentary current in an 
inverse direction to itself, Also^ 
at the moment when such a 
current is broken^ it produces 
in a neighbouring cotidtutor a 
momentary current in the same 
direction as itself. 

To repeat his experiments 
we must be provided with 
the apparatus shown in Fig. 135^. A coil of wire called the 
Primary, P, is connected with a galvanic battery, B, and it is 
placed near a larger coil, the Secondary, S, which is connected 
with a galvanometer, G. 
In these two cases we suppose^ \.Vve cowdwcUu^ wire to 
remain stationary and the current Vo >ja\:>j,so ^s \.o>ofe %>i.^e^«^^ 
generated and suddenly broken •, WV v^e m^>j ^Toe.>^c^ ^v«i^ 
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phenomena by keeping the current constant, and by moving 
the conducting' wire so as rapidly to approach or recede from 
the current. 

tf the conduciing wire rapidly appreadi a conslatil current vie 
koBe the savie effect produced as -aihen the iurrent is rapidly formed ; 
that is to say, an inverse current is generated in the conductor. 
A^ain, if the conductor recede rapidly from a current we have the 
same effect as if the {urrenl be suddenly slapped or broieit ; that 
is to say, a direct current will be produced in the conductor. 

In fine, a current which is made, or whose intensity in- 
creases from any cause, pro- 
duces an inverse current in a con- 
ductor ; while a current which 
is broken, or whose inten»ty 
diminishes from any cause, pro- 
duces a direct current in a con- 
By placing a bundle of iron 
wires in the coils the effects will 
be greatly increased. 

40B. MatnBto- Indnetlan. — 
Magnets may be made to play 
the part of primary currents in 
these phenomena. 

Thus, if we have a coil of in- 
sulated wires (Fig. 135/) con- 
nected with a galvanometer, p,^ ,^ 

and if we quickly introduce 

within this coil a powerful magnet, we sliall have a secondary 
current produced in Ihe coil in a direction opposite to that 
which is presumed to circulate round the magnet (Art. 391), 
and this current will affect the needle of the galvanometer. 
Again, as long as the magnet thus introduced remains 
stationary in the coil we shall have no action in the galvano- 
meter, but when we withdraw it we shall have an action the 
reverse of the previous one 1 that is to say, in the same 
direction as the currents of the magnet. 

We thus perceive that currents are produced in a. cwV ■siVit'c. 
approaches or recedes from a raagt\et. No-w curte'Wsvw.^s^ 
enei^y, and if left to themselves these currervVa -wvW >xea.*- *«■ 
■oil, or by suitable contrivances they may be tiraAe \.a *« i»»rftA. 
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work. From what source, therefore, do we derive the energy 
of these currents ? 

4>10. The LaiMT of Lens. — Let us see what really takes 
place. As we approach the coil to the mag'net a current is 
generated in it contrary to that of the magnet. There will 
thus be a repulsion between the coil and the magnet (Art. 400), 
and we shall be spending energy in bringing them together 
against this repulsive force. 

Again, when the coil is withdrawn from the magnet the 
currents produced in it are in the same direction as those of 
the magnet, and hence (Art. 400) the two will attract each 
other, so that we shall separate the two bodies against an j 
attractive force, and thus energy is spent in the separation. 

Thus both in the approach and in the withdrawal of the coil 
from the magnet energy is spent, and it is this energy which 
produces the currents in the coil. 

If the coil itself were in oscillatory motion in the neighbour- 
hood of the magnet, the energy of this motion would be soon 
stopped by the influence of the magnet, for as the coil ap- 
proached or receded from the magnet it would experience a 
resistance to its motion. This fact is known as the Law of 
Lent. 

The visible energy of motion would thus be lost, being con- 
verted, in the first place, into electric currents, but ultimately 
into heat. By means of a suitable apparatus this conversion of 
mechanical energy may be very clearly shown. 

Thus, if we have a very powerful electro-magnet, and ar- 
range a thick copper disc so as to rotate between its poles, we 
shall experience intense difficulty in producing this rotation 
of the disc, and after an enormous expenditure of energy 
we shall only be able to produce a very slow rotation, just as 
if the disc were moving in thick honey or treacle. Meanwhile 
the disc will have become heated, because the energy we 
have spent upon it ultimately takes the form of heat. This fact 
was discovered by Joule, who made use of this experiment, 
among others, to obtain the mechanical equivalent of heat. 

410a. Use of laines of Force in Studying; Induction.— 

The experiments of Faraday may be conveniently summarised 

by considering the Vines of force iptodwee^ >«VveTv -^ omt^v^. 

Bows round a coil. The dVrecWotv of vVvese \vwe^ m^-j '^ q>V 

tamed by placing a piece of cardboard, ow^VvveV\xo..««x.« 
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have been scattered, inside the coil. The filing's will place 
themselves along the lines of force as shown in Fig. 135^. 
The lines are parallel in the centre of the coil, but diverge at 
the ends. When a secondary coil is placed so as to enclose 
certain of these lines whenever a change is produced in the 
number of lines so enclosed, an induced current will be produced 
as long as the change is taking place. By placing iron within the 
primary of Fig. 135^, since magnetic effect is stronger, and 




Fig. 135^. 

hence the number of lines is increased, the induced currents 
will be intensified. A further increase of effect will be pro- 
duced by placing iron within the secondary, for now more lines 
of force will pass through this coil. 

411. Indnction Machines. — There are two kinds of elec- 
trical machines which depend for their action on the laws of 
induction. 

The object of the one set of machines is to transform the 
energy of work into the energy of electricity in motion, and 
to get powerful currents without the necessity of a voltaic 
battery. These are called magneto-electrical or dynamo- 
electric machines. 

The object of the other is to transform the ordinary current, 
which is deficient in electro-motive force, into a spark possess- 
ing- great electro-motive force, and resembling in this respect 
the spark of the electric machine. These are called intensity 
coils or transformers. 

4>12. Magrneto-electrical Machines. — The machines for 
transforming work into electricity in motion by the aid of a 
permanent magnet go by this name. They consist of a station- 
ary permanent magnet, and of a coil which is made to revolve 
in front of the poles of this magnet. Uwdev V.Vvfe's*^ vivtoassw- 
stances an electric current will, as we Vvave se^vv, >afe ^xo^xk^^A. 
in the coil. 
In Clarke's machine (see Fig. \ZS^\ ^^^ coA'a, t ;ax\^ ^ % ^'=*^' 
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nected *rith one another, and having a core of soft iron in their 
centres, are made to rotate before the poles of a powerful 
horseshoe magnet, A B. As this coil with its soft iron 
approaches one of the poles, an electric current is induced io 
the coil, the Btreng;th of which is heij;htened by the soft ii 




core, which becomes a magnet by induction, and which on this 
account increases the number of lines of force in the coil. 
Now this secondary current. wW >3e "motie.iMec'Cww.Vtotto. 
passes the one pole, and \n *e o??o^Vfi to*oi™. -ft™* 
passes the other pole. 
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There is, however, a commutator,/^ the object of which is 
to make the alternate currents of the coils pass from these coils 
through the connecting wires always in the same direction. 

413. Dsrnamos. — In the modern machines known as dynamos y 
electro-magnets instead of permanent magnets are used. These 
machines are of two chief types : (i) Direct current machines 
which are provided with a commutator ; (2) Alternate current 
machines in which the direction of the current rapidly changes, 
owing to no commutator being used. Powerful machines on 
this principle form a very convenient arrangement for obtain- 
ing current electricity, and electrical energy can be produced 
economically by their means, and applied to a variety of useful 
purposes. 

414. Rnhmkorff's Coil. — In Ruhmkorffs coil the ordinary 
current is changed by induction into one which possesses very 
great electro-motive force. We have in the centre of this 
coil a core of a bundle of wires of soft iron, and a current 
from several Grove's or other cells is made to pass round this 
core in such a manner as to transform it when the current 
passes into a powerful electro-magnet. 




Fig. 135A. 



The coil of wire through which the current passes is called 
the primary coil (see Fig. 135^). Outside of this, and insu- 
lated from the primary, we have a secondary coil, consisting 
of a large quantity of fine wire well insulated, sowvel\.v5\ft,% ^ 
or 50 miles of wire being used for this purpose. 
In such machines there is a se\f-act\t\g attaLW^ercve?cv\., '^"^ 
which the primary circuit is made and broAs^etv, atYvdi Wci ^^'^'^ 
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iron core is thus rapidly magtietised and de-magtietized. The 
action of this is seen in the diagfram. The primary current 
passes through the adjustable contact at r , and completes the 
circuit ; the soft iron armature is then attracted and the circuit 
is broken when a spring* (not shown in the fig-ure) causes the 
contact to be again completed. Hence the armature will 
vibrate backwards and forwards as in the case of the trembling 
electric bell. 

When the primary current is started through the secondary 
coil a number of lines of force pass, and a powerful induced 
current is therefore generated in the secondary coil, the direc- 
tion of the induced current being the reverse of that of the 
primary current. Again, when the primary current is cut oflF 
there will be an induced current in the secondary coil, the 
direction of which will now be the same as that of the primary 
current. 

But the secondary current produced when the primary cur- 
rent is broken has a gfreater electro- motive force than that 
produced when the primary current is started, so that when 
the induced current is forced to overcome a great resistance, 
such for instance as passing through a space of air, it is only 
the direct secondary currents, or those produced when the 
primary current is interrupted, that are able to pass ; and ' 
we have therefore virtually, in a RuhmkorfFs coil, a powerful 
secondary current always in the same direction as the 
primary current. But when the secondary electrodes are close 
together alternate currents pass between them. 

The spark of a very powerful RuhmkorfFs machine has 
been made to pass through 42 inches of air. ^ 

Lesson XLIX.— Distribution and Movement of 
Electricity in a Voltaic Battery. 

415. The IttL^v of Ohm. — This subject was first studied by 
Ohm, a German philosopher, who developed from theory the 
laws regulating the motion and distribution of electricity in a 
battery. These laws have since been abundantly verified by 
experiment, and may therefore be received as at least a near 
approximation to the truth. It\ a voltsLvc baLttery there are 
three objects of study : first o^ a\\ vje \va\t& >i?cve; clcctro-.moivDt 
i This relates to one made by Mr. Spoms>Noode,\u>^\Cvc\vvV^s«^oTv^;«>i c«i. 
consisted of 280 miles of wire. 
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force J or the effort put forth to establish a current of electricity ; 
secondly, we have the resistance to be overcome before such a 
current can be produced : and, lastly, we have the strength of 
the current which is produced. 

416. Electro-motive Force. — Taking these in their order, 
"we have, first, the electro-motive force. Whatever may be its 
cause, there is without doubt a difference of electrical poten- 
tial at the poles of a battery, and this may be regarded as the 
measure of the electro-motive force (which term we have ab- 
breviated to E.M.F.), inasmuch as it represents the tendency 
to form a current. 

In the first place, this is independent of the size of the plates of 
the battery y but depends upon the nature of the materials used; in 
fact, it mainly depends upon the distance of the two metals 
from one another in the electro-motive series of Art. 386. 

Again, the E.M.F. of six cells of Daniell's battery in line 
will be six times as great as that of a single cell ; and, in like 
manner, the E.M.F. of four cells of Grove's battery will be 
four times as great as that of a single cell of the same, so 
thcU the electro-motive force varies as the number of cells. 

A\7» Unit of E.M.F. — In order to compare different 
E.M.F.s it is convenient to adopt a certain unit. For reasons 
which are explained in more advanced works, the unit selected 
is the Tolt. The values of the E.M.F. of several cells in terms 
of the volt are given below : — 

Table No. 43. — E.M.F. of Different Cells. 

Name of Cell. 
Volta 

Daniell 

Grove 

Bunsen 

Leclanch^ 

Bichromate 





Volts. 
•8 to I 'o 




I'l 




1*9 to 2*0 




I '8 to I '95 


• • 

• • 


1*4 

1*6 to 2'0 



418. Electrical Resistance. — When we discussed thermal 
conductivity (Art. 219) we imagined a wall, one side of 
which was kept at a given temperature, while the other side 
was one degree Centigrade hotter, and vie rcve^'swx^^ "Cc^a 
conductivity by the quantity of heat vjVvvc\v ^o^e^ vcv o^Nfe 
minute across the wall. 
We mig-ht in a similar manner measure e\ectt\eaL\cotv^>^^'«^^'^' 
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for we mig-ht imagine one side of the wall kept uniformly 
at a given electric potential, and the other side at an electric 
potential somewhat different, and measure the quantity of 
electricity that would in consequence flow in one minute 
across the wall, and this we might term its electric conduc- 
tivity. But in the science of electricity it is more convenient 
to conceive of electric resistance, a quality which is the 
reciprocal of conductivity, so that the quantity of electricity 
flowing through a conductor in unit of time, in consequence 
of an electric difference of potential, will be inversely pro- 
portional to the electric resistance. In other words, if we 
denote by strength of current the quantity of electricity which 
passes in unit of time, then we shall have — 

^^ ^1 r . electro-motive force 

Strength of current = r— » 

° resistance 

and this statement expresses the I>av7 of Ohm. 

Thus, if we double the electro-motive force without altering I 
the resistance, the strength of the current will be doubled; 
and again, if we double the resistance without altering the 
electro-motive force, the strength will be reduced to one 
half. Or if E be used to denote the E.M.F. of a current, and 
if R denote the resistance of the circuit, while c denotes the 
intensity of the current, we shall have : — 

'^ =R • • ('^ 

R = " (2) 

C 

E = C R (3) 

The student must get thoroughly familiar with these three 
statements of the Laws of Ohm, so that knowing two of the 
quantities the third may be at once found. 

419. Laws of Blectric Resistance. — We have now to 
ascertain how we may estimate the electric resistance of sub- 
stances. Electric resistance is expressed in terms of a unit 
known as the ohm^ which is equal to the resistance of a 
column of pure mercury one square millimetre in section and 
J06 centimetres long at o** C. T\v\s \s ^owtvd \.o ^^^^vA oxv \>c««fe. 
things, 
rst The electric resistance of a conductor defends upon iht noAw 



I 
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of its substance and its temperature. The following- table, due to 
Matthiessen and von Bose, gives the conductivity of various 
metals compared with silver. 

Table No. 44. — Electric Conductivities. 

at o C. at 100° C 

Name of Metal. (Silver at o' C. (Silver at 0° C. 

= 100) = icxj) 

Silver (hard-drawn) 100 'oo,. . . 71*56 

Copper (hard-drawn) 99*95 • • 70*27 

Gold (hard-drawn) 77 '9^ ... 55*90 

Zinc 29*02 . . . 20*67 

Cadmium 23*72 . . . 16*77 

Tin 12*36 . . . 8*67 

Lead 8*32 . . . 5*86 

Arsenic 4*76 . . . 3*33 

Antimony 4*62 . . . 3*26 

Bismuth 1*245 . . 0*878 

It has been remarked by Principal Forbes that metals 
follow one another in the same order, whether as conductors 
of heat or of electricity, and this is borne out by comparing 
the above table with that of Art. 219. Tait has furthermore 
shown that if two specimens of the same metal vary in their 
electrical conductivity, they vary in the same manner as 
regards their thermal conductivity. 

Finally, it would appear that both the electric and the 
thermal conductivity of metals are diminished by increasing 
their temperature, in such a manner that the conductivity 
varies inversely as the absolute temperature (Art. 247). 

2nd. Its resistance varies inversely as its cross section; that 
is to say, a wire with a large cross section offers much less 
resistance to the passage of a current than one with a small 
section. 

3rd. Its resistance is proportional to its length ; that is to say, 
if a current has to pass through two miles of wire it will 
be twice as much resisted as if it had to pass through one 
mile. 

Expressing these laws in a formula, we have for a wire 

L 
R = c-> 

^A 

where R is the resistance, p the specific resistanu^ \- V\ve \^^^^r 
and A the area of cross section. 
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The following* table gives the specific resistance of several 

metals expressed in microhms or millionths of an ohm per cubic 
centimetre at o° c. 

Table No. 45. — Specific Resistances. 

Name of Metal. Microhms. 

Silver i'S2i 

Copper I '616 

Gold 2-o8i 

Iron 9*825 

Lead 19*850 

Mercury 96*146 

Example, — Find the resistance of a wire of 15*708 units loog, 
of 10 units diameter, and of specific resistance 20. 



. 20x15*708 

Answer, — R = z. .. = 2000, 

3*1416x5'' 

since area of cross section is 3*1416 x square of radius. 

4ao. Current produced by Battery. — A battery is gener- 
ally composed of two parts : ist, the internal or other liquid 
conductors which are essential to its action ; 2nd, the outer I 
and metallic conductors. The resistance offered by the former y 
may be called the internal resistance, and that offered by the [ 
latter the external resistance of the battery. J 

Now let us denote by E the electro-motive force of one cell. 1 
and by B the essential or internal resistance of one cell of a 
battery, while R denotes the external resistance, which may be 
increased or diminished at will. Then we shall have by Ohm's 
law for a single cell in this circuit — 1 

B + R 

Next let there be 10 cells, then we shall have the electro- 
motive force and the internal resistance both increased ten- 
fold, so that now 

10 E c 
c = - — - . 

lOB + R 

421. Application of Ohm's Law. — These formulae will 
enable us to determine the intensity of the current obtained by 
any arrangement of a voltaic battery. 

Thus let the externaV resistaLtvee setv^xVA^ n^tvvsVv, VVvew the 
current will be the same m bolVv \.\ve cslscs vcv^^tv-CvQwe.^ ^jXiW«.\ 
for aithoug-h in the one case tVv^ e\ec\.to-tcvo>AN^ ioxc.,^Ss>5. 
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creased ten times, the resistance is also unavoidably increr.sed 
in the same proportion, and hence both numerator and de- 
nominator of the fraction representing intensity are multiplied 
by the same number. If therefore the external resistance be 
very small, we do not g'ain much by increasing^ the number of 
cells. But. suppose that while the essential resistance, or B, 
is equal to 10, the external resistance is equal to 100, then we 
shall have, for one cell 

no 
and for 10 cells, 

_ lOE _ E 



200 20 

If therefore the external resistance be gfreat compared to the 
internal or essential resistance, a considerable increase in the 
intensity of the current is obtained by increasing the number 
of cells. Thus, in producing the electric light by the method 
in which a carbon filament is heated to incandescence by 
means of Grove's cells, it is necessary that a large number 
should be employed if the carbon have a high resistance. 

Example, — A lamp has a resistance when hot of 22*5 units, 
and requires two units of current to raise the filament to white 
heat. Calculate the number of cells which should be employed, 
assuming each cell to have an E.M.F. of two units and an 
internal resistance of 'i unit. 

Answer, — We have 



«B + R 



where c = 2, e = 2, b = 'i, and r = 22*5, and n is the number 
of cells : — hence 



2 n 
2 = 



'in + 22*5 

and n = 2^ 

Again, the thermo-electric current is one in which the external 
resistance is generally much greater than the internal or 
essential resistance. For in this case, the whole ^tt^Tv^<evsNfcvX. 
being- metallic without any interposed fVmds, \.Vve e'ssexv>icaX ^^- 
sistance is extremely small ; but in order lo ma.V.e N^-se. ofl ^^'e^ 
current, it is generally necessary to have a. co\\ ol ^*vc^ ^^^' 
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stituting an external resistance much greater than the internal 
one. It is therefore advantageous to multiply the number oi 
couples. Generally not fewer than 25 couples are used in 
order to form a thermo-pile. 

4aa. Bffect of SIse of Plates of Battery. — Let us now, 
instead of increasing the number of cells, adhere to one cell, 
but increase the size of the plates. In this case the electro- 
motive force will be unaltered, remaining equal to E, but the 
internal resistance will be diminished, since the cross-section 
of the conductor is increased. If the area of each plate be 
increased 10 times, we shall have, 

10 E 




B + lOR 



Now if the external resistance be small compared to the in- 
ternal, we see that the intensity will vary nearly as the area 
of the plate. Thus if R = o*i, while B = 10, ^re shall have 
for the large plates. 



c = 



10 E 



c = 



lO'I 



II 
while for the small plates, j 



the former of these being nearly ten times as g"reat as the 
latter. 1 

Hence when the external resistance is small we gain most ' 
by increasing the size of the plates. This is the case when 
the battery is used to produce thermal effects. Thus, if 
we wish to melt an iron wire, it is more advantageous to 
have a few cells of large size than a great number of small 
cells. 

We thus perceive how the strength of the current due to any 
arrangement of cells may be determined. 

423. Onrrent same in all Parts. — Ohm likewise showed 

that the strength is the same in all parts of the circuit ; that 

is to say, ^Ae same quantity of electricity passes through all cross 

seclions of a battery in the same time luhtther tKe cross section belKol 

^M^ ceil or of the conducting wire, TVvvs Vv^s •aSso>a^exv Necv^«^ 

by experiment. 
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424. The Unit of Current. — This is the ampere. From 
Ohm's law we have 

Amperes = ^g 

hence in any circuit when two of the quantities are known the 
third can be found. 

Example. — A Grove's cell gave a current of 10 amperes when 
the external resistance was 'i ohm. Find the internal resist- 
ance of the cell when the E.M.F. is two volts. 

Answer, — Since by (Art. 418) 

c= = 



B + R 

"we have 

2 

10 = 

B + -I 

or 



B = 1^5 ohm. 



Derived from the ampere is the unit of quantity the coulomb, 
which is the quantity of electricity conveyed by an ampere in 
one second. Hence if a current of c amperes be maintained 
for / seconds, then Q = c^ where Q is the number of coulombs 
that have passed. 

425. Oomparison of Resistance. — Suppose now that we 
have a galvanometer inserted in a voltaic circuit, and that the 
strength of the current, as determined by its influence upon 
the needle, is c. Suppose also that 12*36 metres of tin wire 
of the cross section of one square millimetre form part of this 
circuit, and that we take away the tin wire and replace it 
with silver wire of the same thickness, but 100 metres in 
length. It will be found that the intensity of the current is 
unaltered by this substitution ; but since c = e/r, it follows 
that the resistance of the whole circuit is the same in both 
cases, and hence (since the other parts of the circuit were 
common to both) that the resistance of the silver wire 
is equal to that of the tin wire. Now if the resistance of 100 
metres of silver wire is equal to that of 12*36 metres of such 
tin wire, it follows (Art. 419) that the tes\s\.aLwefe oS. ^o^-aS. 
lengths of such silver and tin wire may be reptesew\.e^\s>j 

and 



100 12*36 



438 ELEMENTARY PHYSICS chap, x 

and hence the conductivities of the two metals, which are 
reciprocal to these resistances (Art. 418), will be represented 
by 

100 and 12*36. 

Lesson L. — Effects of the Electric Current. 

426. Physloloirical JSffeets. — The disoharg-e of a Leyden 
jar battery may perhaps be likened to that of a cannon-ball 
from a field-piece, while a voltaic battery may be likened 
to a machine which keeps perpetually discharging^ enormous 
quantities of excessively small shot. 

The one effect is sudden and awe-inspiring, the other is con- 
tinuous and of a comparatively quiet nature. 

There is great electro-motive force in the Leyden jar 
battery, but the quantity of electricity which passes is not 
great. 

On the other hand, the E.M.F. of voltaic electricity is so 
small that it is only a very powerful battery that can send its ■ 
sparks across an appreciable thickness of air. But the quantity r 
of electricity which passes in a voltaic battery is very great ; ' 
and a battery of this kind which has been in silent action for 
a few minutes may probably have accomplished as much work 
as could be done by a flash of lightning, in which phenomenon 
the greatest possible effect is produced with the smallest 
possible means as regards quantity of electricity. 

The destructive effect of the voltaic current upon animal life | 
is not therefore so great as that of a Leyden jar battery. With 
a single cell the shock produced is hardly perceptible, but 
with loo or 150 cells it is unpleasant, and might be dangerous 
if continued for any length of time. 

427. Thermal Effects. — When the electric current is made 
to pass through a circuit it heats this circuit, and the heating 
effect is proportional to the resistance which the circuit 
interposes to the passage of the current. By means of this 
resistance, that species of energy which we term electricity 
in motion is converted into that other species of energy which 
we term heat. 

A2S. Heat and RcBlBtance.— TYveVvfe^iVso vxo^>\ce:^\%V^^ 
portlonal to the resistance offered lo V\\fe cxvcx^tvV. ^ci>«Vl ^^ 
diminish in any proportion the cross secVvotvo^ ^Nwe, vaeWve^^ 
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its resistance in the same proportion, and it therefore fol- 
lows that by reducing to one half the cross section of a wire, 
we double the amount of heat generated in it by the passage 
of the same quantity of electricity. Again, since this double 
amount of heat has only half the amount of metal to influence, 
it follows that the initial rise of temperature will be increased 
fourfold ; that is to say, the initial increase of temperature pro- 
duced in 07te second by the passage of the same quantity of electricity 
will vary inversely as the square of the cross section, 

429. Heat and Current. — In the next place, the heat gen- 
erated in a given time is proportional to the square of the strength of 
the current. We may deduce this from the previous law by 
supposing that we have two wires of single thickness close 
together, while single currents are made to pass through each 
simultaneously, so that we may imagine one current to go 
through the one wire and one through the other. 

Therefore by means of this double current going through 
a .double wire, twice as much heat will be generated in "a 
given time as by a single current going through a single 
wire : but we have just seen that when a double current goes 
through a single wire twice as much heat is generated as 
when it goes through a double wire ; that is to say, four times 
as much as when a single current goes through a single 
wire, 

430. Distribution of Heat in Circuit. — We have pre- 
viously seen (Art. 423) that the quantity of electricity which 
passes in unit of time through every cross section of a 
closed circuit is the same ; and we have also seen that the 
resistance is inversely proportional to the conductivity ; we 
can therefore, if we know the electric conductivity of the 
various materials of which the circuit is composed, find the 
distribution of heat in the various parts of the circuit. Thus 
let one part be composed of a metre of silver wire two square 
millimetres in cross section, and another of five metres of zinc 
wire four square millimetres in cross section, what will be the 
relative heating effects of the current on these two wires ? If 
we call the heat produced in the first wire unity, that produced 
in the second will be 

72 which expression the second factor \s ot\ aLeQ.o>rcv\. oS. ^ow >^^- 
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tivity, the third on account of length, and the last on account of 
cross section. 

We can thus tell the relative distribution of heat in the 
various parts of a battery ; but in order to tell the whole heat- 
ing- effect produced from first to last, we must bear in mind the 
origin of the heat. This is, in fact, the burning of the fuel 
;sinc, the potential energy of which is converted in the first 
instance into electricity in motion^ and ultimately (let us sup- 
pose) into heat. Now a certain quantity of zinc consumed will 
gfive us a certain definite quantity of heat, neither more nor 
less ; and it has been shown by Joule that if the same quantity 
of zinc be combined with acid in an ordinary vessel, it will 
give out the same amount of heat as if it were consumed by 
means of the voltaic arrangement. 

Thus the difference between dissolving zinc by acid in an 
ordinary vessel, and doing so by the voltaic arrang-ement, is 
not in the quantity of heat which it gives out, but in the dis- 
tribution of this heat. For in the voltaic arrang-ement heat 
may be developed many miles from the cells in which the 
combustion takes place, but in the ordinary case the heat is 
produced in the vessel in which the zinc is dissolved. 

431. Joule's tati-w, — This relation between the electrical 
energy in a circuit and the heat produced is expressed by 

c^RT = JH ; 

where c is the strength of the current, R is the resistance of 
the circuit, T is the time the current passes, H the number of 
thermal-units produced, and J Joule's equivalent. 

If the units used are the Ampere, Volt, Ohm, Second, and 
Gramme degree, then j = 4*2. With the aid of this value the 
following example can be worked : — 

Example. — Find the heat produced in five minutes by a current 
of 10 amperes passing through a resistance of 4 ohms. 

Answer, — We have from Joule's Law 

C^RT 



lo2 V /I X c X 60 

= 28571 



J 

10^ X 4 X 5 X 60 

A'Sa, Chemical Effects .—T\ve e\ecVY\c ewrce.xvV\^ wv^7&\«:^K 
decomposing certain compound X^odves \xvVo vWvc coxv<^^>5vn.«^ 
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elements ; thus water is decomposed into the gases oxygen 
and hydro^n. Faraday was the first to discover the laws 
which regulate this action of the current, and he has termetl 
decomposition by the battery ElectrolTala, while the term 
BlBctroljte has been applied to any substance which is capable 
of being so decomposed. 

The voltaic battery first enabled us to demonstrate the com- 
pound nature of certain substances that had previously been 
considered elements. 

Thus Davy, by a battery of 250 cells, decomposed potash 




and soda, and showed that they contained the metals potassium 
and sodium. 

When a battery is used to decompose water, an arrangement 
like that in Fig. 136 Is used. At the left hand we have the 
positive pole, and at the right hand the negative pole of 
our battery, so that the progress of the current is from left to 
right. 

Now if we have two vessels, O and H, both filled with water, 
and if p and n be two platinum terminals of the battery 
entering these vessels, it will be found that if the battery is 
strong enough, the current will decompose the water, and 
that oxygen gas will appear in the vessel o, white hydrogen 
gas appears in H, the volume of the hydro^n bem-fe -abQ-sA. 
twice as great as (hal of (he oxygen. 
The elements which appear at tVie positive ^\e o^ » \ia»w^ 
■T0 called aleetrO'amg$.tlw« elements, anA O\ose viV\c\i »■??*■** 
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at the negative pole electro-positive. Oxyg-en is the most 
electro-negative element, and potassium the most electro- 
positive. 

433. Elements only Appear at the Poles. — If we study 
the chemical action of the current, as represented in Fig. 136, 
we naturally ask, How is it that the oxygen appears at the 
one wire, and the hydrogen at the other ? 

Is the oxygen of each particle decomposed carried bodily 
to the one pole and the hydrogen to the other ? In order to 
test to what extent this will hold, Davy performed the 
following experiment. He took three glasses. A, b, c (Fig. 137)* 
into the first of which he put a solution of sodium sulphate 
into the second syrup of violets, while the third contained 
pure water. These three vessels he connected together by 
moistened threads of asbestos. 

The current was then made to go, as in the figure, from c 




Fig. 137. 



to A. The consequence was that in time the sodium sul- 
phate was decomposed, the alkali being left in A, while the 
acid was found in c. When the current was reversed, the 
acid was found in A, and the alkali in c ; but in neither case 
was the syrup of violets affected by the passage through it of 
the acid or the alkali. 

4>34>. The Hypothesis of Grotthuss. — Grotthuss has 

imagined an hypothesis which may explain this peculiar 

action of the current. In order to simplify conception, let 

us suppose that we are decomposm^ -waiVer . TVvew Ke supposes 

that the oxygen of the mo\ecu\e o^ vi^\^&x tvevA. \>cve. ^cisx'w^: 

pole will place itself next tVvat po\e, ^.s m Y\^. ^^•^^\^:^^ ^^ 

the whole ro^v of particles belv^eetv vVve Vv.o v-\^'.^v\\ ^-W 
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so that in fact the oxygen of each particle will point to the 
positive, and the hydrogen of each to the negative pole. 
This is the first step. 

The next is the separation of the oxygen at the positive 
pole, while the hydrogen of that atom combines with the 
oxygen of the next atom, and the hydrogen of the second 
with the oxygen of the third, and so on, till we come to the 
negative pole, when the last atom of the hydrogen is set 
free. 

The intervening particles are then twisted round so that 




Fig. 138. 

the oxygen atoms face the positive, and the hydrogen atoms 
the negative pole, and the same process is repeated. 

435. Faraday's La^irs. — This hypothesis of Grotthuss is in 
accordance with the laws of electrolytic action which were 
discovered by Faraday. 

These are as follows : — 

I St. The liquid electrolyte must be a conductor in order that 
electrolysis may take place, 

2nd. The current decomposes quantities of the various electrolytes 
which it traverses in the proportio?t of their chemical equiva- 
lentSy so that if Pbig is decomposed at one part of a 
circuit, and SnClg at another, we shall obtain for 207 
parts by weight of lead, 254 parts by weight of iodine, 
118 of tin, and 71 of chlorine, as the results of the 
decomposition. 

3rd. The quantity of a body decomposed in a given time is propor- 
tional to the strength of the current ; that is to say, 
to the quantity of electricity which passes in that 
time. 

436. Electro-Ohemical Bquivalent. — The quantity of an 
element in grammes separated from a compound by the pas- 
sage of unit quantity of electricity, the cowVotc^^ Va.^\i<&.'K^ 

measured with great care. The amoutvl so se^SkX^Ve^ 'v^ Q."!^eo. 
the electro-chemical equivalent. , ^ 

If the electro-chem\ca,\ equivalent o?\vv At o^fe^^e^ ^'^^'^'^'^^ 
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that z of any other substance can be found by the following 
rule : - - 

H X A 

ft ^— 

a 

where H is electro-chemical equivalent of hydrogen, A is the 
atomic weight of the substance, and a is its atomicity. 

Example, — Find the electro-chemical equivalent of copper 
in copper sulphate. 

Answer, — Since H = '0000105 grammes, a = 63*5, and a = 2. 

z = •-°?°°'°5 X 63-5 = .000333 

2 

The following table gfives some of the more important 
electro-chemical equivalents. 

Table No. 46. — Electro-Chemical Equivalents. 

Name of Body. Grammes per Coulomb. 

Hydrogen 0*00001038 

Gold 0*00067911 

Silver o'ooiiiSio 

Cupric salts 0*0003281 

Cuprous salts 0*0006562 

Nickel 0*0003043 

Oxygen 0*00008286 

A knowledge of the electro-chemical equivalent will enable 
us to calculate the amount of substance liberated by a given 
current in a certain length of time. 

Thus if M be the number of grammes liberated, c the strength 
of the current in amperes, and / the time in seconds, then 

M = CtZ, 

Example, — Find the amount of copper deposited from copper 
sulphate by a current of 10 amperes in three hours. 
Answer. — The quantity of electricity passed is 

10 X 3 X 60 X 60= 108000 coulombs. 
Hence 

M = 108,000 X •00032^1 = ^^-^Tj^^^mvcvfe^* 

A-37, Miscellaneous Effect*.— 1^ a v^ee<i o^Vv^^n^ ^^-ssX^fc 
subjected to the action of a po^er^uX eXecVvo-m^'g.tv^V-^^Tve.X'l ', 
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ray of polarised light be made to traverse the glass in the line 
of the magnetic poles, the plane of polarisation will be twisted 
round to the right or left, according to the direction of the 
current. 

Another peculiarity of the current is the stratification of the 
light which is g^ven out when it traverses a gas or vapour of 
very small pressure. We have a series of zones alternately 
light and dark, which occasionally present a display of colours. 
These stratifications have been much studied by Gassiot and 
others, and are found to depend upon the nature of the 
substance in the tube. If, however, the vacuum be a per- 
fect one, Gassiot has found that the most powerful current 
is unable to pass through any considerable length of such a 
tube. 

Another effect produced by the passage of electricity is the 
production of osone. This substance is a peculiar modifica- 
tion of oxygen, into which ordinary oxygen is converted by 
the passage of the current. It is a powerful bleaching agent, 
and has a very peculiar smell, which may be noticed when an 
electric machine is in action. 



Lesson LI. — Applications of Electricity. 

438. Applications of Electricity. — The technical applica- 
tions of electricity are numerous and important, and are rapidly 
increasing. They may be classified as follows : — 

1. Electric Bells. 

2. Telegraphy. 

3. Telephony. 

4. Electro-chemistry and Electro-metallurgy 

5. Electric Lighting. 

6. Electric Transmission of Energy. 

7. Medical Uses. 

8. Miscellaneous Uses. 

439. Electric Bells. — The electric bell has two chief 
types — Mi? stn^/e stroke and the vibrating belL T\ve ^vcv^^ 'sXx^J**. 
^JJ is chieBy employed in mines and otv raWwa^js. \V» ^^"^" 
traction is seen in Fig. 139. A horse-sViOft e\e;c\xo-vc^vBCw«X 
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E E is fixed to an iron frame to which also is attached a soft 
iron armature A, by means of a straight spring* s. At the end 
of the armature is the hammer hy which strikes the gong G 




Fig. 139. 

whenever an electric current of sufficient strength circulates 
around the coils of the electro-magnet. There are two 
methods of arranging the circuit for signalling. 

(i) A complete wire circuit may be used, as seen in Fig. 140, 
where b is the battery and the "key" or arrangement for 
closing and opening readily the circuit. 

(2) The return wire may be substituted for an earth connec- 
tion, as seen in Fig. 141, where K is the key. The earth connection 



Key 
I 



HI 



B 



1 



Bell 
T 



Fig. 140. 



may be made by means of the water pipes or by the help of me- 

taWc plates E E, buried in the earlVv. TVve ex^^t^^ QS.\vaNS.\Jcv«i-«\x«. 

isthussaved, and the current \s\tvcreasedv4\\>cv\>ae.saxcv«i\>^\.\.eri 

owing^ to the reduction of the res\statvce. \lm>x%v,VoN,^N«. 
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not be supposed that the current actually traverses the earth. 
The action of the earth is to keep the points connected with 
the earth at one potential, and when this is the case the current 



Line 



K 

I 
X 




Fig. Z41. 

will have the same strength as if these points were in actual 
contact. 

Using" single-stroke bells it is easy to arrange a simple code 
of signals depending on the number of strokes on the bell. 

When signals have to be sent from and received at two 
stations, a special form of key, called the Morse Key, is used 
at each station. Fig. 142 shows such a key ; it consists of a 
brass lever pivoted at /, which, when not in use, is held down 
by means of a spring j, so that the contact at b is closed, but 
on pressing the handle H, this contact is broken and that at 
a is made. 

The electrical connections, between the two stations are seen 




Fig. 142. 



in Fig. 143. When the station I is signalling to station II the 
circuit is complete through the contacts at a at I and b' at II. 
'But if II sig-nals to 1 the circuit is corMp\e\.e\>cvTO>\^c^^5cvfc ^otv- 
ta.cts a' and d. 
The vibrating or trembling beU is ordvtva.r\\^ \x^^ ^^ ^ '^'^ 
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bell, and for this 
mechanical arrangement. 





alarm bell. In this bell an automatic make and break is 
used, which as long as the mMn circuit is closed causes the 
continuous ringing' of the bell. The arrangement is seen in 
Fig. 144. When the circuit is closed the armature is attracted, 
an adjustable contact at c is broken, and the current flow 19 
stopped. Hence there villi be no longer magnetic attraclioa, 




and the armature wiH spring — 
; attraction of vVie 



-ensues, followed by a : 



;ond btea\C\ns o^ ^'^ • 
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rmature will thence continue to vibrate backwards 
Drwards as long as the key is pressed. 

When one bell has to be rung" from several places (i, 2, 3) 
he circuits are arranged as seen in Fig, 145. At each of 



ES 




Fig. 145. 



Fig. i4sa. 



[lese places a simple key (Fig. 145a) called a push is placed, 
t consists of a spring a of German silver which, when the 
utton d is pressed, is brought into contact with a lower strip 
, also of German silver. 

4>40. Telegrraphy. — With the aid of two different kinds of 
ignals a code has been arranged very suitable for the purpose 
f communication to a distant place by electrical means. The 
ode is known as the International Morse. It is based on the 
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se of the movements to the left and right of a galvanometer 
eedle, or on the length of time the curretvt \s aWor^^;^ \a 
ow, a short time being denoted by a dot atvd a. Xotv^ex >LV5XNfc 
' a airsA equal in duration to three dots. Kcw \>cv^«fc ^vsc«^^ 
• combined to form an alphabet is shown Vtv F\^. \At^- 
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A special kind of galvanometer called the single needle 
instrument may be used connected with a commutator at the 
sending end (see Fig. 147) for the purpose of reversing 
readily the direction of the current. 



a 



^o- 



x> 



-a' 



-a 



-*w>> — >- 



< mf. 





Fig. 147. 

When the dot and dash system is employed, the actual 
signals may be recorded by means of the instrument shown in 
Fig. 148, known as the Morse Direct Writer. The electro- 
magnet E has pivotted at c above it an armature A, one end 




Fig. 148. 



of which plays between two ad^usVaXAe sVo^s a ^tv\ b. k\.\J»ft 
other end is an inking wV\ee\ w. B-y meatvs o^ QXoeV.->wOTV ^ 
narrow strip of paper />, \s made X-o UaNe\ xv€i;w VV^ ^^^ 
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of the wheel. When a signal is received, the armature is 
attracted and the wheel is brought against the paper, making 
a long or short mark. When the current ceases, the armature 
is raised by the antagonistic spring j, and the wheel no longer 
marks the paper.. 

441. The Telephone. — Graham Bell has produced an 
instrument called the telephone, by means of which an in- 
sulated wire is made the medium of conveying speech. It oper- 
ates in this way : we have in the first place an iron membrane 
or plate placed symmetrically in front of one pole of a bar 
magtiet, which is covered with insulated wire. One operatoi' 
talks immediately in front of the iron membrane, which is 
consequently thrown into a complicated state of vibration. 
This complicated state of vibration represents the three 
elements of the speaker's voice, namely, pitch, intensity, 
quality. But in each vibration of the iron membrane we 
have a portion of the iron alternately approaching towards 
or receding from the magnet, and the same result will be 
produced as when a piece of soft iron is made rapidly to 
approach or recede from a magnet covered with insulated 
wire, namely, that if the circuit of insulated wire be complete, 
secondary currents will be produced in the insulated wire, 
these being in one direction for the approach, and in the 
opposite for the recession, of the soft iron. 

When the iron membrane vibrates, therefore, in front of 
the magnet, it produces in the insulated wire, which is 
arranged so as to form a complete circuit, a series of second- 
ary currents, which in fact register all the peculiarities of the 
speaker's voice, so far as currents can be said to do so. 
At the other end of the circuit, which may be many miles 
distant, we have another instrument precisely similar to that 
now described, with the difference that the operator now 
places his ear instead of his mouth to the iron membrane. 
Now the currents passing along the insulated wire, which 
wire is wrapped round the magtiet at this end, just as it was 
round the other magnet, produce magnetic changes in the 
magnetism of the magnet, and of the iron membrane in front 
of it. These magnetic changes cause a stale cA n^t«l>c\«^ ^ 
this second iron membrane preciseVy s\m\Vax Vo NiNvaX oS. ^icw^ 
membrane at the other end. The cotvsecvaetvte \s ^^^^^"^ ^'^ 
operator at one end placing his ear to tVve \TOtv vcvevcv\iT3Xv«. ^^ 
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hear the very sounds given out by a speaker at the other end 
of the circuit. 

In Fig". 149 we have the various parts of such a telephone. 
Here A denotes the mouth-piece, B the iron membrane, N 
the north pole of the magnet, whose other pole is s. At c is 
the coil of insulated wire connected at E with the earth, and 
at L with the telegraphic line which goes to, and is similarly 
connected with, a similar instrument at the other end, the 
whole forming one circuit, 

AASk, The Microphone. — We are indebted for this instru- 
ment to D, E. Hughes. It was found by him that if, in the 
circuit of an electric current, several pieces of carbon loosely 




Fig. 149. 



in contact with each other be placed, any sonorous vibration, 
by affecting the closeness and nature of the contact between 
these various pieces of carbon, will affect the resistance of 
the circuit, and hence also the strength of the current. Fig. 
150 shows one form of microphone. The pieces of carbon 
A and B fixed to a wooden block M have cups drilled in them 
so as to hold loosely a spindle of carbon c. The battery B is 
placed in circuit with the carbons and the telephone T. The 
disturbance produced in the resistances at the points of contact 
of the carbons by the ticking of a watch placed on the base- 
board of the microphone causes variations in the current 
strength, and hence in the aUraeWoxv o^ >i>cv^ ^aVi^Vcwv^. SLvs.- 

phragm, which will therefore be made Vo NVfexv^Na so sVcotv^i. 

as to cause a loud noise. 
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If the circuit, which may be a long one, have at the one end 
a microphone and at Che other a telephone, sonorous vibrations 
taking place near the microphone will produce variable or 
intermittent currents, which at the other end will, by means 
of the telephone, reproduce sonorous vibrations similar to 
those which originally excited them. 

So great is the delicacy of this arran^ment, that sounds 




quite imperceptible to the human ear, may be rendered dis- 
tinctly audible at the distance of many miles. 

443. Ths Indnetlon BsUnce.— Hughes is likewise the 
inventor of this instrument. Its principle of action may be 
explained as follows ; 
// two separate secondary coUs Si and s^ Wie Vv^- '^V-^- 
which ought to be at least half a. meVve a^mV, a^s ■i^iv.Mie^ 
together in such a manner that Ihe cui-cenV vv.A-i'^*^^ ^"J 
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primary Pj in the one shall exactly neutralise that induced 
by a similar primary P.^ in the other, then we have a perfect 
balance, and there will be no current in the secondary 
coils, whatever changes are taking place meanwhile in the 
primary. 

Now let the primary current have in circuit a microphone 
with a seconds clock as the source of sound. We know from 
the last article that alterations in the strengfth of the primary 
current will by these means be produced ; nevertheless these 
alterations will not induce any current in the balanced 
secondary circuit, so that if a telephone be attached to this 
circuit we shall hear no noise. If, however, a coin be placed 
alongside or inside one of the secondary coils, it will be elec- 
trically influenced by the primary, and will in its turn interfere 





Fig. 151. 



with the. secondary to which it is attached, so that the two 
secondaries will now no longer balance each other. Alternat- 
ing currents will therefore now pass through the secondaries, 
and these will, by means of the telephone, reproduce the 
source of sound ; that is to say, the beating of the clock. If 
two exactly similar coins be similarly placed in the two coils 
of the induction balance, there will of course be no current, 
and hence no noise ; but so delicate is this instrument, that if 
the one coin be made of false metal, or even if it be a trifle 
too light compared with the other, a sound will at once be 

444« Electro-cbemiBtry «ad "B\^c\.To.mftl*a\^«ax%1.— \vVca.% 

been seen that in the process o? e\eeUo\^^vs coi^^oxxw^^ ^v.>«. 
decomposed and the e\emetvVs sevavaX.^^ ^^ ^^^ ^\^s.Vco^«^ 
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LT: ,^IIIH. 



This fact has gfiven rise to numerous industrial and artistic 
applications. A thin but adhesive layer of metal may be 
deposited on an inferior metal. This is the process of electro- 
plating. Again a metal, usually copper, may be deposited on 
a prepared conducting mould so as to reproduce with accuracy 
the form from which the mould was taken. This is electro- 
typing. We may also use electrolytic methods to extract a 
metal from an ore or to obtain a pure from an impure metal. 

The metals which are usually deposited by the electro-plater 
are copper, nickel, gold, and silver. For the deposition of 
copper on all articles which are less electra-positive than 
copper, a solution of cop- 
per sulphate made acid 
with sulphuric acid is em- 
ployed. If it is desired to 
deposit copper on metals 
such as zinc and iron which 
are more positive than cop- 
per, a bath of double cy- 
anide of copper and po- 
tassium is employed, for 
on these metals a non-ad- 
hesive deposit of copper would be immediately produced if 
placed in a sulphate bath. Nickel is usually deposited from a 
bath of the double sulphate of nickel and ammonium, whilst 
gold and silver are best obtained from the double potassium 
cyanides. 

The arrangement of a plating vat is seen in Fig. 152. The 
vat, often made of well enamelled iron, has three brass 
rods, a b and c, placed across the top. The two outer are con- 
nected together and have suspended from them plates of the 
pure metal called the anodes. The middle rod supports the 
article to be plated which is named the cathode. The anodes 
are connected with the positive pole of a battery or dynamo, 
and the cathode with the negative pole. The anodes dissolve 
and keep the solution of constant strength whilst metal is 
deposited on the cathode. 

445. Secondary or Storagre Batteries. — If dL^i&v ^ 
voltameter has been used for the decomiposvM\c>w o^ ^^\s2c 
the battery be removed and the voVtamelet eowcveCvftA. ^\<5cw 
E g-iiJvanometer a current will be VtvdvcaA.ed A.>\«; '^Q ^^^ 
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reverse E.M.F. produced by the gfases hydrogen and oxygen 
at the platinum plates. This is the principle of Grove's gas 
battery^ which is an early form of a secondary battery. A 
gfreat improvement was made by Gaston Plants, who sub- 
stituted lead for platinum. The lead plates were immersed 
in diluted sulphuric acid and connected with a battery (see 
Fig. 153) ; the result of the electrolysis is that hydrogen will 
escape at the cathode, whilst oxygen combines with the anode, 
forming lead peroxide (PbOj). If now the battery connections 
be reversed the previously formed peroxide is reduced to 
spongy lead by the hydrogen, and peroxide is formed at the 
other plate. By continuing the charging and reversing 
periodically the plates may be to some depth converted into 
spongy lead on one plate and into peroxide on the other plate. 
The cell is now said to be formed and has an E.M.F. of two 

volts. On discharging the cell 
the spongy lead and the perox* 
ide are converted into lead sul- 
phate. To charge the cell it 
is only necessary to connect it 
with some source of current 
when the sulphate of lead is 
converted at one plate into lead 
and at the other into peroxide. 
The forming may be acceler- 
ated by the process suggested by Faure of pasting red oxide 
of lead on the plates. Many improvements have been made 
in the details of the process, so as to increase the capacity, 
durability, and efficiency of the cells. The method of manu- 
facture most commonly employed is to cast the lead plates 
into the form of grids and to fill up the spaces with oxide. 
^*g"' 153^^ shows one of the large cells composed of 15 
plates. It is capable of giving a current of 30 amperes for 
ten hours. 

Storage cells have many important applications. They have 
replaced to a large extent all forms of primary batteries 
whenever a strong current is required. They are especially 
useful in connection with central electric light stations as a 
reserve of electric energy. 
4-A-6. The Incandescent or G\o^l»wtt^.— '^Vv^^vcvo^e^ocv^o.x^sv 
of this lamp is associated withlVve naLmes ol le^^v^o^v ^w^ "^i^^. 
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who independently have shown how it was possible to utilise 
the light produced by passing; a current of electricity through 
a filament of carbon. Tht carbon is prepared by special 
processes, the following being briefly the operations. Cotton 
thread is treated with a solution of sulphuric acid and water, 
which destroys the fibrous character of the thread and 




produces a lough material. The llncad after being washed 
and dried is wound on a frame of charcoal, which is placed in 
a crucible packed full of powdered plumbago. The crucible 
is now placed in a furnace and raised to a white heat, when the 
thread is converted into an clastic and dense variety of 
carbwi. This carbon filament (sec Fig. 1^"^ \sTOt\os«i&. -wN'Ct™. 
.1 glass balb ,tr, nnd attached to pVa.lmu«v Xea&tt^Aft -*ivtt» ■* 
J>andj>, which arc fused through the g\aa3. TVe. ^■ito « ■^' 
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exhausted of air by means of pumps, capable of producing; a 
very good vacuum, and then hermetically sealed. It remans 
now only to provide a convenient method of connection of the 
lamp to the supply of electrical energy. This is usually done 
by soldering' copper wires a and *, ternvnaling in brass plates, 
to the ends of the platinum wires. By means of plaster of 
Paris the terminal plates are held in place. The positive and 
ne|;alive leads are connected to a lampholder having two 
brass studs i and d, which are held against the brass i^ates by 




springs when the lanip is in position. The ordinary lamp iu 
use is of i6 candle power, and at loo volts takes 0*6 amperes. 
447. The Arc Iiamp. — When two pieces of carbon are con- 
nected with a battery of about 20 Buiisen cells or other source 
of 40 volts of pressure, and the carbons are made to touch and 
then separated a short distance, a |;lobe of intensely luminouii 
carbon vapour is produced. The carbon connected mth the 
positive pole becomes iVie VvolVes*. anA a. ^^<l'^'y« oi ttajjer Is 
formed (nee Fig. 155), whereas \.\ve caitow toravi-aBi-MX^yi-teft 
-^m^Uve pole becomes pointed. Moal. Xv^Vv « e.m-AX«A Uo«n 
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the positive pole, which is usually placed uppermost, so that the 
bulk of the light passes directly down from the luminous 
crater. As the light continues the carbons are disintegrated, 
most of the carbon being sublimed, but a little combines with 
oxygen of the atmosphere to form carbon monoxide. When 
the gap between the carbons becomes of a certain distance 
the light would be extinguished if some arrangement were 
not provided for bringing the carbons together again. This 
may be effected by special electrical and mechanical contriv- 
ances such as that seen in Fig. 156, which illustrates the 




Fig. 156. 



general principle of many modern lamps. The current enter- 
ing at the positive terminal divides into two parts, the greater 
portion passing round the thick wire of the lower coil s called 
the series coil, and thence to o and down the carbon rods from A 
to B. The effect of the current in the helix is to cause an iron 
core c to be attracted within the coil, the end of the lever 
pivotted at o is depressed, the upper carbon is raised, and the 
arc is produced. This is called striking the arc. As the dis- 
tance between the ends of the carbons increases, less current 
passes round the lower coil and more round the upper one> 
which consists of a number of turns ot ^we 'wvcft ^w^'v^ c'ai^R.^ 
the sAu»^toi7, with the result that the upper \tou coxe ^'v& ^5^^^ 
strongly attracted and at length overcomes \.Vve e^«.<:^^ o\ V «• 
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lower coil, the end of the lever is raised, and the upper 
carbon is brought nearer the lower one. The operation is 
caWed feeding the carbon^ and should be accomplished in a very 
gradual manner, otherwise the arc light will not be steady. An 
ordinary arc lamp with 10 amperes passing through the carbons 
and with 50 volts at disposal gives an average light of about 
800 candles. 

4>4-8. Bleetric TraasmiSBion of Bnercy. — The dynamo is 
reversibky that is to say when mechanical energy is supplied to 
it electrical energy is produced, and if connected with a supply 




Fig. 157. 



of electrical energy the dynamo will act as a motor and pro- 
duce mechanical energy. Electro-motors are now employed 
for many purposes, and are convenient since they may be fixed 
in any position, and require only leading wires to convey the 
current, which may be produced by a dynamo some miles dis- 
tant. Fig. 157 shows a series motor, the electro-magnet and 
armature being connected so that the current entering at B 
passes in turn through them and leaves at A. 

449. Miscellaneons Uses. — These include (i) Electric 
Welding. (2) Electric Heating. (3) Electric winding and 
regulation of clocks. (4) The use of electric gas lighters. 



CHAPTER XI 

Lesson LI I 

ENERGY OF CHEMICAL SEPARATION— 
CONCLUDING REMARKS 

4AO. Chemical Eneriry.— We have pointed out in Art. 103, 
that in the efforts to separate an atom of carbon from one of 
oxygen the energy which we employ is transmuted into a 
species of potential molecular energy, just as when a stone is 
separated from the earth and carried to the top of a house, the 
energy employed in doing this is transmuted into potential 
energy. 

Further, we have seen that when this carbon is burned in 
the fire, this molecular potential energy is converted into 
molecular energy of motion ; or, in other words, heat is 
generated. 

It is natural, therefore, to expect that a definite quantity of 
carbon will, when burned, always furnish a definite quantity of 
heat. 

4-Al. Thermo-chemic&l Eqnivalents. — Andrews in this 
country, and Favre and Silbermann in France, have Itvve.'s.t.v- 
gated the quantity of heat given out by cVvemve^ eovc^x>5>»5C\K3«v^ 
and from their researches the fo\\oV\t\^ \.aXi\e V^^ \se«?e^ 
derived : — 
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Table 47.— Heat Developed during Combustion in 

Oxygen. 

Kilogrammes of water 
raised i° C. by the 
Substance burned. combustion of one Compound formed. 

kilogramme of each 
substance. 
Hydrogen 34135 H^O 

Carbon 799° COj 

Sulphur 2263 SO2 , 

Phosphorus 5747 P2O5 

Zinc 1301 ZnO 

Iron 1576 Fe304 

Carbonic Oxide . . . 2417 COj 

Marsh Gas 13085 COgandHoO 

Olefiant Gas . . . . 1 1900 do. do 

Alcohol 7016 do. do. 

4>A&. Latir of AndretirB. — Andrews has likewise studied the 
heat given out during the mutual action of metals, and has 
been led to the following result : — 

If there be three metals^ A^ By C, such that A will displace B and 
C from their combinations , while B will displace C, then the heat 
developed by substituting A for C will be equal to that produced by 
substituting A for B^ plus that produced by substituting B for C. 

This law is similar to that obtained for electro-motive force 
(Art. 385), and this leads us to believe that the electro-motive 
forces are really those which cause heat when chemical com- 
bination takes place. This conjecture is confirmed by the 
fact, that if the metals be classed according to the amount of 
heat which they give out when displacing one another, we 
reproduce the electro-motive series of Art. 386. 

4>A3. Dissipation of Energy. — We have seen (Art. no) that 
the law of the conservation of energy is nothing more than an 
intelligent and well -supported denial of the chimera of per- 
petual motion, and that a machine can no more create work 
than it can create matter. Nevertheless a champion of per- 
petual motion might assent to all this without absolutely giving 
up his cause. 

" / acknowledge," he migVvl sa.^, " \.\v«\ v^^x^VsaaX tcvq^Wotv^vcw 
one sense of the word, \s quvle vtu^oasvVAfe, ^ot tvq m^OtCvcvc; ca»> 
^rM/^ energy, but yet 1 do nol see vVv^V ^ m^cVm^ vcvv^Vv woN^X. 
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constructed that would produce work for ever. Allowing^ that 
heat is a species of molecular motion, and hence that all sub- 
stances are full of a kind of invisible energy, may we not sup- 
pose a machine to exist which converts this molecular motion 
into ordinary work, drawing* first of all the heat from the walls, 
then from the adjacent air ; cooling down, in fact, the sur- 
rounding universe, and transforming the energy of heat so ab- 
stracted into substantial work ; there is no doubt that work can 
be converted into heat — as, for instance by the blow of a 
hammer on an anvil — why, therefore, cannot this heat be 
converted back again into work ? '* 

We reply to such a one by quoting the laws discovered by 
Camot, Thomson, Clausius, and Rankine, who have all from 
different points of view been led to the same conclusion, fatal 
to all hopes of perpetual motion. We may, they tell us, with 
the greatest ease convert mechanical work into heat, but we 
cannot by any means convert all the energy of heat back again 
into mechanical work. In the steam-engine we do what can 
be done in this way ; but it is a small proportion of the whole 
energy of the heat that is there converted into work ; for a 
large portion is dissipated, and will continue to be dissipated, 
however perfect our engine may become. Let the greatest 
care be taken in the construction and working of a steam- 
engine, yet we shall not succeed in converting one-fourth of 
the whole energy of the heat of the coals into mechanical 
effect. 

In fact, the process by which work can be converted into 
heat is not a completely reversible process, and Sir W. Thomson 
has worked out the consequences of this fact in his theory of 
the dissipation of energy. 

As far as human convenience is concerned, the different 
kinds of energfy do not stand on the same footing, for we can 
make great use of a head of water, or of the wind, or of 
mechanical motion of any kind, but we can make no use what- 
ever of the energy represented by equally diffused heat. If 
one body is hotter than another, as the boiler of a steam-engine 
is hotter than its condenser, then we can make use of this differ- 
ence of temperature to convert some of the heat into work \ 
but if two substances are equaUy hot, e^jctv a\\>^,o>a*."s^ ^isvfcvc 
particles contain an enormous amount o^ mo\ec>a^a.x e?cv«t^gS^ 
hey will aot yield us a single unit of NVorVt. 
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Energy is thus of different qualities^ mechanical energy being 
the best, and universal heat the worst : in fact, this latter 
description of energy may be compared to the waste heap of 
the universe, in which the effete forms of energy are suffered to ! 
accumulate, and this waste heap is always continuing* to in- 
crease. But before attempting to discuss the probable effect 
of this process of deterioration upon the present system of > 
thingfs, let us look around us and endeavour to estimate the ! 
various sources of energy that have been placed at our dis- 
posal. 

454. Sources of Enernr* — To begin with our own frames. 
We all of us possess a certain amount of energ'y in our systems, 
a certain capacity for doing work. By an effort of his muscles 
the blacksmith imparts a formidable velocity to the massive 
hammer which he wields. Now what is consumed in order 
to produce this ? We reply, the tissues of his body are con- 
sumed. If he continues working for a long time, he will wear 
out these tissues and nature will call for food and rest — for 
the former in order to procure the materials out of which 
new and energetic tissues may be constructed ; for the 
latter, in order to furnish time and leisure for repairing 
the waste. Ultimately, therefore, the energy of the man is 
derived from the food which he eats ; and if he works much, 
that is to say, spends a great deal of energy, he will require 
to eat more than if he hardly works at all. Hence it is well 
understood that the diet of a man sentenced to imprison- 
ment with hard labour must be more generous than that of 
one who is merely imprisoned, and that the allowance of 
food to a soldier in time of war must be greater than in time 
of peace. 

In fact, food is to the animal what fuel is to the engfine, only 
an animal is a much more economical producer of work than 
an engine. Rumford justly observed that we shall get more 
work out of a ton of hay if we give it as food to a horse, than 
if we burn it as fuel in an engine. 

It is in truth the combustion of our food that furnishes our 

frames with energy, and there is no food capable of nourishing 

our bodies which, if well dried, is not also capable of being 

burned in the fire. Having \.\vws VraLC^d. \Jcva ^itvex^^ of our 

frames to the food which we eal, vje tv^^V ^"&>5., -wV^tv^^.^ ^a«K5. 

food derive its energy ? If v/e avG ve^^Xaxvatv^. v,^ t.^^^'ccn. 
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go further back ; but if we have eaten animal food, and have 
transferred part of the energy of an ox, or of a sheep into our 
own systems, we may ask, whence has the ox or the sheep 
derived its energy? The reply will be, undoubtedly, from 
the food which it consumes, this food being a vegetable. 
Ultimately, then, we are led to look to the vegetable kingdom 
as the source of that great energy which our frames possess 
in common with those of the inferior animals, and we have 
now only to go back one step further and ask, whence vege- 
tables derive the energy which they possess ? 

In answering this question let us endeavour to ascertain 
what really takes place in the leaves of vegetables. A leaf 
is, in fact, a laboratory, in which the active agent is the sun's 
rays. A certain species of the solar ray enters this laboratory 
and immediately commences to decompose carbonic acid 
into its constituents, oxygen and carbon, allowing the oxygen 
to escape into the air, while the carbon is, in some shape, 
worked up and assimilated. Thus, first of all, we have a 
quantity of carbonic acid drawn in from the air ; that is the 
raw material. Next, we have the source of energy, the 
active agent : that is, light. Thirdly, we have the useful 
product : that is, the assimilated carbon. Fourthly, we 
have the product dismissed into the air again, and that is 
oxygen. 

We thus perceive that the action which takes place in a leaf 
is the very reverse of that which takes place in an ordinary 
fire. In a fire we burn carbon, and make it unite with oxygen 
in order to form carbonic acid, and in so doing we change the 
energy of position derived from the separation of two sub- 
stances having so g^eat an attraction for each other as oxygen 
and carbon, into thie energy of heat. In a leaf, on the other 
hand, these two strongly attractive substances are forced 
asunder, the powerful agent which accomplishes this being 
the sun's rays, so that it is the energy of these rays which is 
transformed into the potential energy or energy of position, 
represented by the chemical separation of this oxygen and 
carbon. The carbon, or rather the woody fibre into which the 
carbon enters, is thus a form of potential energy ; and when 
made to combine again with oxygen, eilVvet Nj'^ ^vc«i^\. <i<2kvs^- 

bustion or otherwise, it will in the process ^^e o>x\. ^ ^^^1,. 

deal of energy. When we burn wood \n out ^te^ ^<^ caw*««^- 
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this energy into heat, and when we eat vegetables we assimi- 
late this energy into our systems where it ultimately produces 
both heat and work. We are thus enabled to trace every step 
of this wonderful process : we have, first of all, the sun's rays 
building up vegetable food ; in the next place we have the ox 
or sheep fed by means of this food ; and lastly, we have the 
tissue of the ox or sheep entering into and sustaining our own 
frames. 

We have not, however, quite done yet with vegetable fibre, 
for that part of it which does not enter into our frames may, 
notwithstanding, serve as fuel for our engines, and by this 
means be converted into useful work. And Nature, as if 
anticipating the wants of our age, has provided an almost 
limitless store of such fuel in the vast deposits of coal, by 
means of which so large a portion of the useful work of the 
world is done. In geological ages this coal was the fibre of 
a species of plant, and it has been stored up as if for the very 
benefit of generations like the present. 

But there are other products of the sun's rays besides food 
and fuel. The miller who makes use of water-power or of 
wind-power to grind his corn, the navigator who spreads his 
sail to catch the breeze, are both indebted to our luminary 
equally with the man who eats meat or who drives an engine. 
For it is owing to the sun's rays that water is carried up into 
the atmosphere to be again precipitated so as to form what 
is called a head of water, and it is also owing to the sun's 
heat that winds agitate the air. With the trivial exception 
of tidal energy, all the work done in the world is due to the 
sun, so that we must look to our luminary as the great source 
of all our energy. 

Intimately linked as we are to the sun, it is natural to ask 
the question, will the sun last for ever ? or will it also die out? 

Now there is no apparent reason why the sun should form 
an exception to the fate of all fires, its only difference being 
one of size and time. It is larger and hotter, and will last 
longer than an ordinary lamp, but it is nevertheless a lamp, or, 
to speak more correctly, a very large hot body. 

In fine, the principle of degradation would appear to 
hold throughout ; and \i vje tft^a.td. woX. tcvex^ vcvaxxs^t hut 
useful energy, we are dnvetv lo cotvVem^\^\a x^^ ^^^V>ci ofl >iB& 

universe. 
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Reeapitnlation. — It may be desirable, before concluding', 
to recapitulate the various transmutations of energy, 
4>ft5. Visible Bnercy. — Visible Energy of Motion is 

transmuted into visible potential energy when a stone is pro- 
jected upwards and lodged on the top of a house (Art. iii), 
and it is transmuted into heat when friction or percussion 
stops a body in motion (Art. 113). 

It is transmuted into electrical separation when we work the 
electric machine (Art. 351), and into electricity in motion when 
a revolving conductor is brought between the poles of a power- 
ful magnet (Art. 411). 

Visible Potential Energy is generally converted into 
visible energy of motion, and through it into the other forms 
of energy. 

4>56. Heat. — This species of energy is converted into 
visible motion in the heat engine (Art. 245). It is converted 
into radiant energy when a hot body radiates (Art. 334). It 
is converted into electrical separation when tourmalines and 
other gems are heated (Art. 339). It is converted into electri- 
city in motion in the thermo-electric pile (Art. 393). Finally, 
it is converted into chemical separation when a body is 
decomposed by heat (Art. 215). 

457. Radiant Enernr* — This species of energy is con- 
verted into heat when radiant light or heat is absorbed by a 
body (Art. 344), and it is converted into .chemical separation 
when a ray of sunlight decomposes chloride of silver in 
photography, or carbonic acid in the leaves of plants (Art. 

453). 

4>58. Electrical Separation. — The energy of electrical 
separation is transformed into visible motion when two 
oppositely electrified bodies approach each other (Art. 359), 
and it is transformed into the energy of electricity in motion 
when two such bodies are connected together by means of a 
wire (Art. 359). 

4-59. Electricity in Motion. — This form of energy is con- 
verted into visible motion when currents act on one another, 
as in Art. 408 ; it is converted into absorbed heat when a 
current meets with resistance (Art. 430) ; and into chemical 
separation when a current decomposes ai cotw^a>w\^ X^o*^-^ 
'Art 436). 
^eo. OhmmicaU Separation. ->Th'is iorm ol e^twet^^ *v^ vc^'Ow^ 



468 ELEMENTARY PHYSICS chap, xi 

muted into heat when a substance bums, or when combustion 
takes place (Art. 450) ; into electrical separation when two 
dissimilar metals are brought into contact (Art. 379) ; and 
into electricity in motion in the voltaic battery. 

These form some of the chief transmutations of the various ■ 
forms of energy into one another, but it ought to be borne in 1 
mind that the classification of energy into various forms is ! 
simply one of convenience, and represents the present state 
of our knowledge of the subject. 
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Plates, thin, colours of, 326, 327 
Polarization, 329 

by double refraction, 333 

by reflection, 332 

by Tourmaline, 331 
Polarizing angle, 332 
Poles, magnetic, 361 

voltaic, elements only attracted 

ty. 433.^, ,. .... 
Pores, visible and invisible, 3 

Porosity, 3 

Potential, electrical, 347 

Press of Bramah, 72 

Pressure, 27 

Dalton's law of maximum, 200 

Prisms, 275 

Pulleys, 116 

Pump, lifting, 94 

Pyro-electric state, 339 



R 



Radiant forces, heat, 106 

light, 106 
Radiation, 216 
Radiators, good and bad, 301 

and absorbers, relation between 
them, 303 . 

Radiant energy, experiments with 
heated chamber, 306 
energy, experiments with coloured 

glasses, 307 
energy, conclusions from experi- 
ments upon, 308 . • , 
energy, applications of principles, 

309 



energy, effect of atmosj^here, 



j»j 



energy, connection with other 
forms, 324 
Rays, influence of kind, 304 

heat, experiments upon at ditter 
ent temperatures, 305 
Reflection, explained, 320 

from curved mirrors, 261 

from plane mirrors, 260 

of sound, 142 

total internal, 722 
Reflectors, conjugate, 144 
Refraction, explained, 321 

index of, 271 

indices, relative, 274 

law of, 289 

law of, experimental proof, 270 

of sound, 145 
Regelation, 198 
Regnault, 229 
Resistance, electrical, 425 
Retina, 280 

Rock salt, experimental use of, 296 
Rods, vibrating, 157, 158 
Rotation, energy oU 122 
RuhmkorSTs coil, 4x5 



Safety lamp, 221 
Satellites, 2 
Shadows, 252c 
Sight, long and short, 281 
Siphon, the, 95 
Solenoids, 404 
Solidification, 197 
Solids, cohesion in, 58 
conduction in, 2x8 
density of, 81 
expansion of, X72, 176 
structure of, 57 
variation of specific heat, 230 
Sonometer, 281 

Sound, analogy with light, 317 
audibility, X53 
intensity, dependent upon tcm* 

perature, 152 
intensity, reinforcement of, 155 
reflection of, 14a 
refraction of, 145 
timbre, 139a 

velocity in air, 146, 147a, 148 
velocity, other apises, 1^7 
velocity, variation in liquids and 

solids, X50 
velocity, variation with tempera- 
ture, 149 
Sounding flames, i6ib 
Specific gravity, 81 
heat, defined, 228 
heat, influence of state upon, 233 
inductive capacity, 342 
Spectra, solids and liquids, 299 

gases, 300 
Spectroscope, 287 
Gassiot's, 287 
Spectrum, analysis, 310 

analysis, application to heavenly 

bodies, 311 
heat rays of, 298 
light rays of, 297 
measurement of heat rays, 289 
thermal effects of, 29^ 
Spheroidal state of heated matter, 208 
States of matter, 4 

solidj liquid, gaseous, 199 
conditions of change, 193 
Storage batteries, 445 
Stress and strain, 54a 
Structure, crystallized, 55 

fibrous and laminated, 56 
Sublimation, 210 

Sun, convection currents in, 226, 241 
Surface, unit of, 9 
Syren, the, i6i, i6ia 
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Telescope, 283 
Temper, 63 
Temperature, 164 

absolute, 185 

critical, 209 

measured by thermometer, 166 
Tenacity in metals, 58 

of wood, 58 
Time, measurers of, 150 
Thermo-chemical equivalents, 451 

law of Andrews, 452 
Thermo-electric currents, Cuming's 
effect, 394 

series, 393 
Thermo-electricity, 290 
Thermometer, air, advantage of, 185 

alcohol, X71 

centigrade scale, 169 

clinical, 171 

determination of fixed points, 168 

differential, 171a 

Fahrenheit's scale, 169 

graduation, 169 

maximum, xyi 

maximum mercurial, 167 

maximum, Phillip's construction, 

minimum, 171 

minimum, corrections for, 170 

readings, corrections necessary, 
170 

Reaumur's scale, 169 

scales. x68 
Thermopile, use of, 291, 292, 293 
Thomson, experiment of electrifying 

by contact, 383 
Torsion balance, 343 

balance, law of, 344 

balance, law of, examples, 345a, 

Torricellian vacuum, 88 
Tourmaline, 331 
Trade winds, 327 

Tuning-fork, wave length of sounding, 
i6id 



Vapour density, 213 

latent heat of, 238 

pressure upon own liquid, 212 
Velocities, composition of, 19 

linear, 118 
Velocity of sound, 146, 147a, 197 

under gravity, 20, 21 

unit o^ 12 

proportionate to time, 43 
Ventral segments, 155 
Vernier, 88 
Vibration, communication of, 160 

determination of rate, 151 

energy of, 128 

graphica 1 representation, 162 

plates, 159 

rods, 157 

strings, 155, issa, 155b, xssc 

time of, 133 
Viscous fluids, 69 
Volta's error, 382 
Voltaic pile, 381 



W 



Water, expansion of, 179 

level, 74 

vapour, tension of, 212 

vapour, total heat of, 238 
Waves, 134 

condensation and rarefaction, 

135. 
Wave motion, 133 

length, 134, i6id 
Weight and mass, 35a 
Wells, Artesian, 76 
Wind instruments, 156 

registration, 156 
Work, ^9 

unit of, 99 



U 

Undulatory theory, 316 
Units, 7, 8, g, 10, 11 
Unit of velocity, 12 

of acceleration, X2a 

of work, 99 



Young's Modulus, 66a 
Z 

Zero defined, 168 
absolute, 185. 
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